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ABSTRACT 
II 
The Mediterranean mussel Mytilus galloprovincialis is the most successful manne 
invasive species in South Africa. Its presence has had significant ecological consequences 
on the intertidal communities of the west coast. On the south coast, M galloprovincialis 
co-exists and competes with the indigenous intertidal mussel Perna perna in the lower 
balanoid zone, where they show partial habitat segregation. The upper and the lower 
mussel zones are dominated by M galloprovincialis and P. perna respectively while they 
co-occur in the mid zone. In this thesis M galloprovincialis and P. perna are compared in 
terms of their population genetics and their ecophysiology. 
The success of an invader depends on its ability to react to new environmental factors, 
especially when compared to indigenous species. The distribution and diversity of 
intertidal species throughout the world are strongly influenced by periodic sand 
inundation and hydrodynamic stress. Occupying the lower intertidal zone, P. perna is 
more strongly influenced by sand (burial and sand in suspension) than M. 
galioprovincialis. Despite this, P. perna is more vulnerable to the effects of sand, 
showing higher mortality rates under experimental conditions in both the laboratory and 
the field. M galioprovincialis has longer labial palps than P. perna, indicating a better 
ability to sort particles. This, and a higher tolerance to anoxia, explains its lower 
mortality rates when exposed to burial or suspended sand. Habitat segregation is often 
explained by physiological tolerances, but in this case, such explanations fail. 
The ability of a mussel to withstand wave-generated hydrodynamic stress depends mainly 
on its byssal attachment strength. The higher attachment strength of P. perna compared 
to M. galioprovincialis and of solitary mussels compared to mussels living within a bed 
(bed mussels) can be explained by more and thicker byssal threads. M galloprovincialis 
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also has a wider shell, is subjected to higher hydrodynamic loads than P. perna and 
shows a higher theoretical probability of dislodgement, this is borne out under field 
conditions. The attachment strength of both species increased from higher to lower shore, 
in parallel to a gradient of a stronger wave action. Monthly measurements showed that P. 
perna is always more strongly attached than M. galloprovincialis and revealed seasonal 
fluctuations of attachment strength for both species in response to wave height. The 
gonad index of both species was negatively cross-correlated with attachment strength. 
The results are discussed in the context of the evolutionary strategy of the alien mussel, 
which directs most of its energy to fast growth and high reproductive output, apparently 
at the cost of reduced attachment strength. This raises the prediction that its invasive 
impact will be more pronounced at sites subjected to low or moderate wave action at 
heavily exposed sites . 
The potential of a species for invasion is also determined by the ability of the invader to 
disperse. PopUlation genetics provide indirect information about dispersal through a 
direct measurement of gene flow. The low genetic divergence (measured as mtDNA) of 
M. galloprovincialis confirms its recent arrival in South Africa. In contrast, the 
population genetics structure of P. perna revealed strong divergence on the south-east 
coast, resulting in a western lineage (straddling the distributional gap of the Benguela 
System), and an eastern lineage, with an overlap region of the two on the south coast 
between Kenton-on-Sea and Raga Raga. This genetic disjunction may be caused by 
Agulhas Current acting as an oceanographic barrier to larval dispersal, or by different 
environmental selective forces acting on regional populations. Over the last ten years, M 
galloprovincialis has shown a decrease or cessation of its spread to the east in exactly the 
IV 
region of the genetic disjunction in P. perna, again suggesting either an oceanographic 
barrier to larval dispersal, or increasing selection driven by sharp gradients in 
environmental conditions. 
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CHAPTER! 
GENERAL INTRODUCTION 
One of the major ecological consequences of globalization is a sharp increase in the 
number of invasive species being introduced to ecosystems and the frequency with which 
such introductions are made (Jenkins 1996; McNeely 2001; Levine and D'Antonio 2003). 
The introduction of new species is related to the development of new markets and trade 
routes (Cassey et al. 2004; Semmens et al. 2004) and a positive correlation has been 
shown between the relative abundances of invasive species in different countries and the 
volume and composition of imports (Dalmazzone 2000; Vila and Pujadas 2001; Levine 
and D'Antonio 2003). Introduced species can themselves be an object of trade or can 
travel incidentally together with traded goods. Most importantly, invasions involve not 
only species but also their genes and, through hybridization and subsequent introgression, 
endemic species might be altered by invasive relatives (Hails and Morley 2005). 
With the global rise in volume and speed of transoceanic shipping over the last century, 
coastal regions of the world have been particularly subjected to increasing pressure from 
alien species (Carlton 1987, 1996, 1999a; Carlton and Geller 1993; Ruiz et al. 1997; 
Cohen and Carlton 1998). There are ten confirmed alien and 22 cryptogenic marine 
species along the South African coast. Of these, only the mussel Mytilus galloprovincialis 
has spread extensively, while the other species are restricted to harbours, sheltered 
lagoons and estuaries (Branch and Steffani 2004; Robinson et al. 2005). M 
galloprovincialis is thought to be of Mediterranean origin (Barsotti and Meluzzi 1968; 
Wilkins et al. 1983; Steward and England 1983) and it has become invasive in many parts 
of the world, including South Africa (Grant and Cherry 1985), Hong Kong (Lee and 
Morton 1985), Japan (Wilkins et al. 1983), Korea (McDonald et al. 1991), Hawaii (Apte 
et al. 2000), Mexico (Ramirez and Caceros-Martinez 1999), California, Washington, and 
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the west coast of Canada (McDonald and Koehn 1988; Heath et al. 1995; Anderson et al. 
2002), perhaps the east coast of Canada (Vario et al. 1988), Britain and Ireland (Ahmad 
and Beardsmore 1976; Skibinski et al. 1978). It now has an antitropical distribution, 
occurring in the temperate zones of the northern and southern hemispheres while absent 
from the tropics (Hilbish et al. 2000). 
M galloprovincialis was first recorded in South Africa in 1979 at Saldanha Bay, 150 km 
north of Cape Town on the west coast, and its identity was later confirmed by 
morphological and protein electrophoresis analysis (Grant et al. 1984; Grant and Cherry 
1985). There are two possible hypotheses that may explain the presence of the 
Mediterranean mussel in South Africa. The first is that M galloprovincialis may have 
dispersed along the west coast of Africa, across the tropics, during one of the Pleistocene 
glacial periods. Both the Mediterranean populations and the southern African populations 
of M. galloprovincialis would then represent relict populations of a wider African 
distribution. A second possibility is that it was intentionally or inadvertently introduced to 
South Africa by man. Analysis of mussel shells from shell middens and raised beach 
deposits, dating from as long ago as 120 000 years ago (last interglacial period), did not 
show any evidence of Mytilus (Grant and Cherry 1985). Moreover, when it was first 
recorded in Saldanha Bay, it was not present in Cape Town (Grant and Cherry 1985). It is 
therefore like! y that the appearance of M. galloprovincialis in southern Africa is a recent 
event. Extensive surveys of southern African intertidal shores from the 1930s to the 
1960s did not reveal the presence of Mytilus (Stephenson 1944; Kensley and Penrith 
1970; Penrith and Kensley 1970). In addition Mytilus is absent from the collections at the 
Zoology Department of the University of Cape Town (Grant and Cherry 1985). All this 
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suggests that the European species arrived in South Africa in the late 1960s, early 1970s, 
most probably by shipping, or was intentionally introduced without record (Grant and 
Cherry 1985). Soon after its first detection, it started to spread to the north at an average 
rate of 115km yea(l, and to the south, at a slower rate of about 25km year'l (Hockey and 
van Erkom Schurink 1992). It is now the dominant intertidal mussel from the Cape of 
Good Hope in South Africa to Liideritz in southern Namibia (Fig. 1.1), constituting 74% 
of the mussel biomass on wave-exposed shores on this coast (Hockey and van Erkorn 
Schurink 1992, Griffiths et al. 1992; Branch and Steffani 2004). 
Prior to 1989, M galloprovincialis was absent from the south coast, but was intentionally 
introduced to Port Elizabeth (Fig. 1.1) for mariculture purposes. M galloprovincialis 
spread eastwards from Port Elizabeth at a rate of about 5km year'l , driven by wind 
generated surface current (McQuaid and Phillips 2000; Branch and Steffani 2004). 
However, the Port Elizabeth population was removed after approximately 18 months and 
the daughter populations died out. M galloprovincialis has subsequently invaded much 
of the south coast, spreading naturally from the Cape of Good Hope eastwards to within 
20 km west of East London at Kidd's Beach (Fig. 1.1; Robinson et al. 2005). In the last 
ten years its rate of expansion on the south coast has drastically decreased, suggesting 
that it may have reached its biogeographic limit. In South Africa, M galloprovincialis 
represented only 1% of overall mussel standing stock on the south coast in 1992 
(Griffiths et al. 1992). Recent surveys show that it still occurs at generally low densities, 
but it has become abundant at certain sites such as Plettenberg Bay and Jeffreys Bay 
where it can form 50% of mussel standing stocks (Fig. 1.1; Rius 2005). 
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The southern African coastline covers a wide range of climatic and oceanic conditions 
and hence supports a great biodiversity. The west coast is affected by the Benguela 
Current and is characterized by intense upwelling and high nutrient levels (Shannon 
1985). The east and south coasts are influenced by the warmer, more oligotrophic 
Agulhas Current (Bustamante et al. 1995). These coasts support different intertidal biotas 
(Emanuel et al. 1992) and historically different species dominated their mussel 
populations. 
There are three abundant indigenous intertidal mussel specIes III South Africa: I. 
Aulacomya ater, which overlaps in intertidal habitat with M galloprovincialis and was 
the dominant west coast mussel before being displaced by the Mediterranean mussel (van 
Erkom Schurink and Griffiths 1990); 2. Choromytilus meridionalis is primarily a west 
coast species, but extends onto the south coast. It is most abundant at sand/rock 
interfaces, thus it is little affected by the European mussel, which lives in habitats with 
lower levels of siltation. 3. Perna perna is the dominant intertidal mussel species along 
the south and east coasts of South Africa and indeed most of Africa (both east and west 
coasts) . 
This thesis focuses on M galloprovincialis and P. perna. On the south coast, P. perna 
shows partial habitat segregation with M galloprovincialis in the lower eulittoral zone 
(referred to here as the mussel zone). The upper and the lower areas of the mussel zone 
are dominated by M galloprovincialis and P. perna respectively, while they co-occur in 
the mid-mussel zone (Bownes 2005). M galloprovincialis shows similar zonation with 
other Perna species in other parts of the world. M galloprovincialis occupies the high 
intertidal zone in Hong Kong where the green mussel Perna viridis dominates the lower 
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intertidal (Lee and Morton 1985), and the same situation is found with Perna canaliculus 
in New Zealand (Kennedy 1976). The cold waters of the Benguela Upwelling System 
limit P. perna distribution north of the Cape of Good Hope and it is absent from there to 
Lilderitz Bay (Fig. l.l) in southern Namibia. From there it extends to the Mediterranean 
Sea as far as the Gulf of Tunis (van Erkom Schurink and Griffiths 1990). On the west 
coast, where P. perna is absent, M. galloprovincialis extends its distribution down the 
shore to the sublittoral fringe (Bustamante et al. 1998; Branch and Steffani 2004). P. 
perna is indigenous elsewhere in the south Atlantic, including the coasts of Brazil, 
Uruguay, Venezuela, and the west Indies (Berry 1978) and has become invasive in the 
Gulf of Mexico (Hicks and Tunnell 1993). P. perna is also indigenous in the Indian 
Ocean, including southern India, Sri Lanka and Madagascar (Berry 1978). 
The invasion of the west coast of South Africa by M. galloprovincialis affected not only 
the indigenous mussel A. aler, but had also major consequences for overall intertidal 
community structure, including the elimination of other indigenous species, with strong 
effects on mussel bed infaunal assemblages and higher trophic levels (van Erkom 
Schurink and Griffiths 1990; Hockey and van Erkom Schurink 1992; Hammond and 
Griffiths 2004). Many associated species can live within a mussel bed (Brown and Seed 
1977; Suchanek 1985; Suchanek 1992; Seed 1996) and on the west coast M. 
galloprovincialis has extended the cover of mussel beds higher on the shore than the 
indigenous mussel, A. ater, which it replaced. Unlike A. aler, M. galloprovincialis is able 
to form multi-layered mussel beds, and consequently it has increased total mussel 
biomass, the availability of habitat for mussel bed infauna and the abundance of 
associated infauna (Griffiths et al. 1992; Hockey and van Erkom Schurink 1992; 
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Hammond and Griffiths 2004). Infaunal assemblages of the Mediterranean mussel are 
quantitatively larger than those of A. ater, but the two are qualitatively similar (Griffiths 
et al. 1992). The infauna biotas associated with C. meridionalis, P. perna and M 
galloprovincialis differ in composition, but not abundance, biomass or diversity 
(Hammond and Griffiths submitted for publication, see Branch and Steffani 2004). 
Infaunal communities also do not differ when comparing beds of mussels of different 
sizes or at different heights on the shore. It has been suggested that this absence of 
variation is due to uniform environmental conditions inside mussel beds in general 
(Branch and Steffani 2004). 
Two limpets have also been significantly affected by the invasion of the west coast by M 
galloprovincialis: Scutellastra granularis (Branch and Steffani 2004), and S. argenvillei 
(Steffani and Branch 2003a, b). M. galloprovincialis excludes S. granularis from the 
primary substratum, but, at the same time, the mussel itself provides a favourable 
substratum for juveniles of this species, consequently increasing its density but 
decreasing its mean size (Hockey and van Erkom Schurink 1992). Wave generated 
hydrodynamic stress regulates the interaction between the Mediterranean mussel and S. 
argenvillei, with the former dominating primary substratum on exposed shores and the 
latter dominating semi-exposed intertidal rocks. Beside these harmful ecological effects, 
M. galloprovincialis has brought benefits to the African Black Oystercatcher 
(Haematopus moquini), becoming a major component of its diet and increasing its 
breeding success (Hockey and van Erkom Shurink 1992). It is also economically 
important, as the mussel culture industry in South Africa is based on the Mediterranean 
mussel. 
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Invasion involves two essential stages: transport of an orgamsm to a new location 
(Williamson 1996; Mack et al. 2000), and establishment and population growth in the 
invaded locality (Veltman et al. 1996). The responses of an introduced species to 
variations in time and space of resource availability, natural enemies and the physical 
environment determine its ability to invade and the dynamics of co-existence with 
indigenous species (Moyle and Light 1996; Petren and Case 1996; Sher and Hyatt 1999; 
Davis et al. 2000; Mack et al. 2000). It is the difference in response of indigenous and 
invasive species to these factors that determines the success of the invader (Chesson 
2000; Shea and Chesson 2002). M. galloprovincialis shows several characteristics of an 
aggressive invasive species. When compared to the indigenous South African mussel 
species Perna perna, Choromytilus meridionalis and Aulacomya ater, it shows rapid 
growth rates over a range of water temperatures, high fecundity, high recruitment rate, 
resistance to desiccation and resistance to parasites (Hockey and van Erkom Schurink 
1992; van Erkom Schurink and Griffiths 1991, 1993; Calvo-Ugarteburu and McQuaid 
1998). These features should provide competitive advantages to M. galloprovincialis and 
could explain its success as an invader on the South African coast. 
Another important factor influencing the dynamics of an invasion is the ability of the 
invader to disperse, thus spreading from the initial population and extending its domain. 
The dispersal potential of seeds, spores and larvae has long been recognized for its 
importance in influencing large-scale patterns of distribution and geographic ranges of 
sedentary organisms (Perron and Kohn 1985; Richmond 1987; Scheltema 1989; Gaines 
and Bertness 1992; Emlet 1995). Marine species possessing pelagic larvae have the 
potential for considerable levels of connectivity among local populations. Mediated by 
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larval dispersal, this connectivity is potentially of considerable importance because it 
determines the magnitudes of immigration and emigration (Sale 1991; Caley et al. 1996). 
By moving from one population to another, larvae also transfer their genes, generating 
gene flow (gene migration) among populations. Gene flow (via larval dispersal) can 
provide information on the degree of exchange (connectivity) among populations. 
Migration into or out of a population may be responsible for a marked change in gene 
pool frequencies (the number of individual members with a particular trait). Immigration 
may result in the addition of new genetic material to the established gene pool of a 
particular species or population. Understanding the magnitude and patterns of larval 
dispersal is critical to understanding questions of population persistence and community 
dynamics and is also a key element for effective placement of management boundaries 
and the design of marine protected area networks (Sale 1991; Caley et al. 1996; Sale and 
Kritzer 2003). 
Both M galloprovincialis and P. perna reproduce by means of a planktotrophic larval 
stage that disperses in the water column for a period (weeks to months) of feeding, 
growth and morphological development, before settling to the substratum and being 
recruited into an adult population. Given the relatively long period that larvae spend in 
the water column, both species have a high dispersal potential. 
However, several studies have shown discrepancies between the potential and the 
realized dispersal of larvae (Palumbi 1994; Todd 1998). These discrepancies are mainly 
due to the influence on larval behaviour of oceanographic conditions, to reproductive 
timing, and to the availability of suitable habitat in terms of both biotic and abiotic factors 
(Shanks 1995; Todd 1998; Shanks 2005). Direct measurement of dispersal is difficult 
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because microscopic planktonic larvae are difficult to track and because dispersal can be 
regulated by multiple complex processes (Cowen et al. 2000; Gilg and Hilbish 2003). 
Genetic variation among populations of a species can be used as an indirect approach to 
circumvent the problems of the direct estimation of gene flow via larval dispersal 
(Palumbi 2003). Knowledge of dispersal capabilities and extent of gene flow in 
contemporary species may aid in the identification of biogeographic barriers or filters to 
dispersal that act on evolutionary time scales. The population genetic structure of the 
indigenous P. perna gives indirect information about larval dispersal in time and space, 
and about dispersal barriers that may affect dispersal. In addition, the genetic structure of 
P. perna populations from the East coast will be useful in predicting patterns in the 
eastward domain expansion of the invasive M. galloprovincialis. In addition, 
understanding the genetics of M. galloprovincialis can help to confirm the origins 
through either vacariance or dispersal, of South African populations, by contrasting the 
genetics of M. galloprovincialis with a known indigenous species (P. perna) with similar 
reproductive biology. 
This thesis is divided into four main chapters, plus the introductory Chapter 1. 
Chapter 2 discusses sand stress as a possible cause of habitat segregation between the two 
mussels species. Chapter 3 deals with wave-induced hydrodynamic stress as a possible 
factor responsible for habitat segregation and investigates causes and consequences of 
differences in attachment strength between M. galloprovincialis and P. perna. Chapter 4 
examines the population genetic structure of both species along the Namibian and South 
African coasts. Finally, Chapter 5 concludes the thesis with a general discussion. 
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CHAPTER 2 
SAND STRESS AS A NON-DETERMINANT FACTOR IN HABITAT SEGREGATION BETWEEN 
Perna perna AND Mytilus galloprovincialis IN SOUTH AFRICA 
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Introduction 
Rocky shores throughout the world are periodically disturbed by sand inundation or sand 
scour. In South Africa, rocky shores that are regularly and extensively inundated by sand 
are more common than non-inundated rocky shores (3 1 % and 27% of the coastline 
respectively; Bally et al. 1984). Despite this, few studies have investigated such 
ecosystems. Most recent studies have examined the effects of sand on the survival or 
lifestyle of single species (D'Antonio 1986; Marshall and McQuaid 1989; Pineda and 
Escofet 1989), or have analysed the effects of sand inundation on species richness and 
composition (Baily et al. 1984; McQuaid and Dower 1990). Sand can maintain a balance 
between sand tolerant and sand intolerant competitors (Taylor and Littler 1982; Littler et 
al. 1983), it can cause a temporary impoverishment of the biota by selective species 
elimination (Daly and Mathieson 1977; Devinny and Volse 1978), and it can explain the 
habitat segregation of intertidal species (Marshall and McQuaid 1989). 
Mussels can be subjected to stress generated by sand either through sand burial or 
because the ambient water carries a heavy load of suspended sand (Fig. 2.1). They sort 
filtered material using two pairs of labial palps (Ward et al. 1998) and at very high 
particle concentrations, the filtration rate can be reduced to zero (Widdows et al. 1979; 
Richardson 1985; Leverone 1995). Thus, the ability to regulate filter-rejecting 
mechanisms during sudden changes in sediment load concentration can be a prerequisite 
for survival. In sandy beaches, there is a very rapid decline in oxygen deeper in the 
sediments (Pearse et al. 1942; Brafield 1964), consequently, when buried under sand, 
mussels are not only subjected to the negative effects of sand itself, but also to anoxia. In 
response to periods of depleted oxygen, mussels reduce the valve gape or close the valves 
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Fig. 2.1 Waves not only subject intertidal organisms to hydrodynamic stress, they can 
also carry a heavy load of suspended sand (a), note brown colour of the wave, subjecting 
intertidal communities to sand scour and sand burial (b). 
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(J0rgensen 1990), and switch from aerobic to anaerobic respiration (Taylor 1976), but 
anaerobic acidic end products can accumulate to lethal levels (Newell 1970). The south 
coast of South Africa is characterised by patches of rocky shore interspersed with long 
stretches of sandy beach. The majority of rocky shores are influenced by sand (Bally et 
al. 1984) and intertidal organisms living on hard substrata are consequently considerably 
sand-influenced. Physical disturbances by sand may play an important role in the 
invasion biology of Mytilus galloprovincialis and could influence the interaction between 
the invasive and the indigenous mussel species. This chapter investigates the effects of 
sand stress on the survival of M. galloprovincialis and Perna perna. The hypothesis is 
that, because sand accumulates from the subtidal and has stronger effects low on the 
shore, sand scour and burial contribute to habitat segregation (vertical zonation) of the 
two species. Understanding how the two species behave when subj ected to environmental 
stress helps to predict future interactions and the ecological effects of the invader. 
Specifically, I tested the hypothesis that P. perna has greater tolerance to the effects of 
sand than M. galloprovincialis , so that M. galloprovincialis is excluded from the lower 
shore at least partly through the effects of sand inundation and sand scour. Mortality rates 
of mussels subjected to sand burial and to sand in suspension were observed in field and 
laboratory experiments. In order to investigate the possible causes of mortality under 
sediment load stress, the two species were also subjected to anoxic conditions and the 
findings were set in the context of field measurements of seasonal fluctuations in sand 
levels near mussel beds. 
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Materials and Methods 
Laboratory experiments 
For all laboratory experiments, adult mussels (3-Scm shell length) of both species were 
collected from the mid mussel zone of a rocky shore at Plettenberg Bay on the south 
coast of South Africa (Fig.2.2; 34° 22 ' S, 23° 22 ' E). Before each laboratory experiment 
all individuals were acclimated in re-circulated oxygenated seawater for 24 hours. All 
experiments were run in a controlled environment chamber at 19°C under a 12:12h light: 
dark regime (high output fluorescent light). Salinity was maintained at 3S%0. 
Experimental aquaria were aerated and the water was replaced daily. Mussel mortality 
was assessed as failure to close the valves when disturbed. Mortality rates were 
calculated as means of three aquaria for each treatment and analysed using repeated 
measures ANOV A with treatment as a fixed factor. 
Sand burial and suspended sand 
Mussels (n = 360 for each species) were placed in nylon net bags (6mm mesh) containing 
10 mussels each, and subjected to three different sand load conditions in aquaria, using 
sand collected from the field: 
I) Sand in suspension: 12g.r i of fine sand. This concentration was based on the average 
load of resuspended sand measured in the sea at high tide near the study mussel bed. 
2) Buried: covered with sand to a depth of 10-IScm. 
3) Control: aerated seawater, no sand. 
Each experimental condition was replicated three times (three aquaria) . In order to keep 
sand in suspension in treatment I, compressed air was pumped through perforated tubes 
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placed on the floor of the aquaria. For treatment 2, air was pumped through the water 
above the level of the sand. Dead mussels were counted and removed daily. 
Anoxia 
For each species, 15 individuals were placed in each of three aquaria containing 51 of 
anoxic sea water. Anoxic conditions (0.01-0.03ml.02.rl) were prepared by bubbling 
Instrumental Grade N2 gas into the aquaria, and then sealing them. Anoxic seawater was 
replaced daily and oxygen tension was checked every 12 hours and readjusted if 
necessary. Dead mussels were counted and removed daily. 
Labial palp length 
A dissecting microscope was used to measure the lengths of the labial palps of 20 
mussels (25-67mm shell length) of each species to the nearest O.lmm. Regression 
analysis was used to test the dependence of labial palp length on animal shell length for 
each species and a Students't test was used to test equality of the two regression 
coefficients. 
Sand content 
M. galloprovincialis and P. perna (n = 60 for each) were placed in 6 nylon net bags (10 
individuals per bag). Twenty mussels of each species were placed in each of three 
aquaria. The bags were then buried under sand to a depth of 1 0-J5cm. The experiment 
was run for 72 hours and mortality was checked daily. Every 24 hours, five live 
individuals were taken from each bag. Sand content of the animals was removed by 
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opening the mussels and carefully washing the tissues. The water used to rinse the 
internal pa11s of the animal was drawn through a glass fibre filter, which was then dried at 
60°C to constant weight. After the first day, the shell volume of each animal was 
measured by comparing the weight of NaCI required to fill one valve, to the weight of a 
known volume ofNaCI. 
Field experiments 
Sand burial 
Adult mussels of both species (3-5cm shell length) were collected in November 2004 in 
the intertidal zone at St. Francis Bay (Fig. 2.2; 34° 13' S, 24° 49' E), about 140km west of 
Plettenberg Bay. Like Plettenberg Bay, St. Francis Bay is one of a series of "half-heart", 
or log-spiral shaped bays found on the south coast, facing the south-west Indian Ocean 
(Fig. 2.2; Branch and Branch 1981, Wooldridge 1988). Three experimental sites, 
approximately 100m apart, were selected in sand covered areas adjacent to rocks with 
mussel populations and at approximately the same vertical height as the mussel zone. 
Mussels (n = 240 for each species) were immediately placed in nylon net bags and buried 
in situ under 30-40cm of sand. Each bag contained 20 individuals of the same species; 
bags were equally distributed among sites. Bags were attached by fishing line to nearby 
rocks, so that they could be found easily. A table tennis ball was left beside each mussel 
bag; its presence at the next low tide confirmed that the samples had not been exhumed 
during high tide. Every day, bags were recovered and the mortality of each species was 
checked. Dead animals were removed. Cumulative mortality rates were calculated as 
means for each site and analysed using repeated measurements ANOV A. 
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Seasonality of sand level fluctuation 
Digital photographs of mussel beds populating vertical rocks were taken every month at 
two intertidal sites (Keurbooms and Robberg, 10km apart) in Plettenberg Bay for a period 
of 18 months. M galloprovincialis and P. perna zones were defined as the areas of the 
mussel bed that were covered by at least 90% (± 5%) of one of the two mussel species. 
The mid-mussel zone was the area of co-existence between the M galloprovincialis and 
P. perna zones. The lowest level of sand recorded at each site during the monitoring 
period was taken to be the reference level from which all other levels were measured. 
Percentage cover of mussels was determined by analysing digital images of 3m wide 
transects running c. 15m horizontally in each zone at each site. 
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Results 
Laboratory experiments 
Mortality rates under conditions of sand burial, sand suspension and anoxia. 
Repeated measures ANOYA showed that mortality rates were higher for Perna perna 
than for Mytilus galloprovincialis under all sand stress and anoxic treatments (p < 0.0001 
in all cases; Tables 2.1, 2.2, 2.3). During all experiments, under control conditions of 
sand free, oxygenated water, P. perna suffered 2.5% mortality compared to 4.2% for M. 
galloprovincialis. When subjected to sand burial in the laboratory, mortality for both 
species began after two days (12.5% and 4.2% for P. perna and M galloprovincialis 
respectively), but there was a significant day x species interaction. Lethal time for 50% 
mortality (Lr 50) was reached after four days for P. perna and six days for M 
galloprovincialis (Fig. 2.3). When subjected to sand in suspension, mortality was much 
lower for both species. Again there was a day x species interaction. Mortality for P. 
perna started after five days (0.8%), while the first dead M galloprovincialis were found 
only after nine days (1.7%). Lr 50 was reached after 10 days and 14 days for P. perna 
and M galloprovincialis respectively (Fig. 2.4). Under anoxic conditions, mortality for 
both species began later than when buried under sand (after four days, 2.2% for M 
galloprovincialis and 4.4% for P. perna). LT 50 was reached after 9 days and 12 days for 
P. perna and M. galloprovincialis respectively giving a day x species interaction (Fig. 
2.5). 
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df MS F P 
Species 1 206.255 11 0.720 <0.000 1 
Aquarium 2 0. 161 0.087 0.9173 
Species· Aquarium 2 3.193 1.714 0.2082 
Error 18 1.863 
Day 7 315.916 661.0 13 <0.000 1 
Day*Spcc ics 7 8.779 18.369 <0.000 1 
Day· Aquarium 14 0.501 1.048 0.4114 
Day*Species* Aquarium 14 0.449 0.939 0.5197 
Error 126 0.478 
Table 2.1 RM-ANOV A for sand burial laboratory experiment. df = degree of freedom; 
MS = Mean Squares; F = F- Ratio; P = probability value. 
df MS F P 
Species 1 599.725 677.631 <0.0001 
Aquarium 2 0.572 0.646 0.5358 
Species* Aquarium 2 0.2 11 0.238 0.7906 
Error 18 0.885 
Day 17 392. 192 1440.369 <0.000 1 
Day·Specics 17 52.656 193.385 <0.000 1 
Day· Aquarium 34 0.528 1.938 <0.00 19 
Day*Species* Aquarium 34 0.348 1.278 0. 1454 
Error 306 0.272 
Table 2.2 RM-ANOV A for suspended sand laboratory experiment. df = degree of 
freedom; MS = Mean Squares; F = F- Ratio; P = probability value. 
df MS F P 
Species 1 2372.84 19.0297 0.0 120 
Error 4 124.69 
Day 11 3509.54 172.7624 <0.0001 
Day*Spccics 11 131.76 6.4862 <0.0001 
Error 44 20.3 1 
Table 2.3 RM-ANOVA for anoxia laboratory experiment. df = degree of freedom; MS = 
Mean Squares; F = F- Ratio; P = probability value. 
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Labial palp length 
Labial palp length increased with animal size for both species (regression analysis, p < 
0,001 in both cases), M. galloprovincialis had significantly (Students't test, p < 0,0001) 
longer labial palps than P. perna over the whole size range, averaging 28,3% longer 
overall (Fig, 2,6), 
Sand content 
Correlation analysis showed no relation between volume of an animal and sand content. 
Subsequently a two-way model 1 ANOV A was used to analyse the data, with species and 
day as factors, Two-way ANOV A showed that the amount of sand present in live mussels 
buried under sand was significantly (p < 0.0001; Table 2.4) higher for P. perna than for 
M galloprovincialis, with no significant time x species interaction, Within the fust 24 
hours, 47.8mg and 8.4mg of sand were found in P. perna and M galloprovincialis 
respectively. The amount of sand increased slightly during the following days, up to 
98.8mg for P. perna and 16.9mg for M. galloprovincialis (Fig, 2.7), though the effect of 
time was just non-significant (p = 0.055). 
df MS F P 
Day 2 6936.9 2.99993 0.0551 
Species I 73159,5 31.63843 <0.000 1 
Day'Species 2 3684.4 1.59337 0.2093 
Error 84 2312.4 
Table 2.4 Two-way ANOV A for sand content laboratory experiment. df = degree of 
freedom; MS = Mean Squares; F = F- Ratio; P = probability value. 
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Field Experiments 
Sand burial 
Repeated measures ANOV A showed that mortality rates for P. perna were significantly 
higher than for M galloprovincialis (p < 0.0001; Table 2.5) with sand burial. Mortality 
rates followed the same pattern as for the laboratory sand burial experiment. After 48 
hours, mortality was 14.6% and 3.3% for P. perna and M galloprovincialis respectively; 
LT 50 was reached after five days for P. perna and six days for M galloprovincialis (Fig. 
2.8). 
df MS F p 
Species I 25867.4 68.7040 <0.0001 
Site 2 717.4 1.9053 0.1775 
Species*Site 2 1409.0 3.7424 0.0437 
Error 18 376.5 
Day 5 22251.1 508.8661 <0.0001 
Day*Species 5 483.2 11.0503 <0.0001 
Day'Site 10 108.2 2.4743 0.0115 
Day*Species*Site 10 81.1 1.8549 0.0621 
Error 90 43.7 
Table 2.5 RM-ANOVA for sand burial field experiment. df = degree of freedom; MS = 
Mean Squares; F = F- Ratio; P = probability value. 
Seasonality of sand level fluctuation 
Monthly photographs of mussel beds taken at Plettenberg Bay showed strong seasonal 
fluctuation of sand coverage with vertical changes of up to 175cm. At both sites and in 
both years, sand accumulation increased towards the end of summer and the beginning of 
29 
autumn (particularly April and March), followed by massive removal at the end of 
autumn. 100% mortality for both species was observed once sand level decreased to 
uncover the mussel beds one month later in May. Sand levels then remained low until the 
following summer. The lowest sand level (y = 0 in Fig. 2.9 a and b) occurred during 
winter between August and September. At its greatest depth (April-May 2004 in 
Robberg, April-May 2003 in Keurbooms), sand completely covered the Perna and the 
mid zones, while the Mytilus zone was 35% and 21.4% covered at Robberg and 
Keurboorns respectively (Fig. 2.9). 
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Discussion 
Digital photographs showed considerable movement of sand, which seasonally covers 
mussel beds, with enonnous effects on mussel survival and consequently on the 
community. During the experiment, the maximum accumulation of sand to a depth of 
1.75m should be seen in the context of a maximum tidal range on this coast of 2-2.5m 
(Field and Griffiths 1991). Sand inundation does not occur every year, but the dramatic 
effects of sand burial are obvious from the total mortality of mussels in natural beds 
covered for one month, while mass mortality of mussels not buried, but exposed to high 
sediment loads, is observed periodically (personal observation). 
In this study I tested the hypothesis that habitat segregation of Perna perna and Mytilus 
galloprovincialis could be explained by a greater physiological tolerance of sediment 
load of the indigenous species. The results were very clear cut and consistent, but rejected 
this hypothesis. 
Although M galloprovincialis was more resistant to the effects of sand than P. perna, 
after a few days, sand burial was lethal to both species; once buried by sand, both species 
reached LT50 within four to six days. In nature, burial is likely to last much longer than 
this (Fig.2.9) so that interspecies differences may have little influence on habitat 
segregation. The effects of suspended sand are of much briefer duration under natural 
conditions and it is likely that this is more important in mediating competition between 
the two species. This is especially so if there are strong sublethal effects that would have 
been missed by measuring mortality alone. The most obvious could be less feeding 
efficiency. When exposed to suspended sand in the laboratory, M galloprovincialis 
showed much greater tolerance than P. perna. The greater ability of the invasive species 
33 
to withstand this stress could be a daily competitive advantage when sediment is brought 
in suspension during high tide. Mussels are suspension feeding bivalves and consequently 
they are very vulnerable to high levels of sediment loads in the water (Bricelj and Malouf 
1984; MacDonald et al. 1998; Cheung and Shin 2005). The two pairs of labial palps are 
responsible for rejecting non-food material that has been filtered out (Morton 1987; Seed 
and Richardson 1999). The material rejected by the palps, together with some large 
particles rejected directly by the gills, forms mucoid aggregates or pseudo faeces that are 
expelled by both inhalant and exhalant siphons (Foster-Smith 1975). At high levels of 
sediment load the sorting mechanism may become overloaded and the equilibrium 
between filtration and rejection of material is altered. Consequently increasing 
proportions of filtered material are rejected as pseudofeces until the filtration rate reaches 
a maximum and then declines to zero (Widdows et al. 1979; Newell et al. 1989). 
Ward et al. (1998) showed that, in heterorhabdic bivalve species (ctenidia possessing two 
types of cilia beating in opposing directions), most of the particle sorting takes place on 
the ctenidia. In contrast, homorhabdic species, including marine mussels, have ctenidia 
possessing only one type of cilia and rely predominantly on the labial palps for particle 
selection. The significantly longer labial palps measured in M galloprovincialis could be 
a morphological explanation for higher mortality rates of P. perna under conditions of 
sand suspension (Ki0rboe and M0hlenberg 1981). In late summer and autumn, massive 
quantities of sand are moved by storms, covering large portions of the mussel zone on 
rocky shores. Both laboratory and field experiments showed that P. perna is less resistant 
than M galloprovincialis to sand burial conditions. On sandy beaches, there is a very 
rapid decline in oxygen deeper in the sediment. At a depth of 2cm the oxygen content is 
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generally about l.4ml.rl, while at a depth of Scm there is frequently only about 0.3ml.rl 
(Pearse et al. 1942; Brafield 1964). When buried under sand, mussels are exposed to both 
the abrasive action of the sand itself and to anoxic conditions. Some bivalves live under 
conditions not only of low oxygen, but also of high sulphide conditions (e.g. Kraus and 
Doeller 2004) and it can be difficult, or perhaps impossible to separate the effects of 
hypoxia from increases in hydrogen sulphide under natural conditions (Wu 2002). 
However, there is no obvious evidence of hydrogen sulphide leading to mortality in the 
system studied here. 
To understand how much anoxia influences mortality during sand burial, mussels were 
kept in anoxic seawater without sand. P. perna was more sensitive to this condition, and 
this is in accord with published values for oxygen tolerances. P. perna and M 
galloprovincialis can regulate oxygen uptake down to concentrations of approximately 
3.4 (Marshall and Mcquaid 1993) and 2-2.5ppm (de Zwaan et al. 1991) respectively. 
However, both species began to die later under anoxic conditions than when buried under 
sand, indicating that the physical action of sand is a crucial factor influencing mortality. 
Recent studies show that sediment load stress is strongly correlated to irreversible 
damage to gill structure in Perna viridis (Cheung and Shin 2005). Seriously damaged gill 
filaments could reduce the effective gill surface area and affect the pumping rate of the 
organism, leading to hypoxic stress (Jones et al. 1992; Au et al. 2004). When buried, both 
species accumulated sand within the shell valves while still alive, but the quantities were 
much higher for P. perna. This suggests that P. perna gills are more severely damaged 
and could explain its higher mortality rates, though histological analysis of sand damaged 
gill tissue of the two species is needed to confirm this. Under control conditions of 
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oxygenated water, mussels in aquana use the foot to rearrange their position and 
aggregate in clumps. Valve closure in anoxic water prevents this (personal observation). 
Moreover, in anoxic water, mussels were not able to replace decayed byssal threads to 
maintain constant attachment strength (personal observation). These physical limitations 
could be an important disadvantage when uncovered by sand after temporary burial and 
re-exposed to hydrodynamic stress. 
Although all the results indicate that P. perna is less resistant to sand stress, it occupies 
the lower mussel zone and so, at least at some sites, it is more exposed to the periodic 
effects of suspended sand and sand burial. The survey showed that the Perna zone at the 
study sites was covered by sand for long periods of the year and digital photographs 
showed that buried mussel beds were completely removed when sand levels dropped 
again in summer. In addition, the absence of M galloprovincialis juveniles on the lower 
shore and of P. perna juveniles on the higher mussel zone (personal observation) 
suggests that interspecific differences in reaction to abiotic stress are not restricted to 
adults. 
In conclusion, despite the fact that M galloprovincialis should have the competitive 
advantage of being less vulnerable to sand on the low shore, sand is not involved in 
habitat segregation of P. perna and M galloprovincialis and other biotic or abiotic factors 
are responsible for preventing the invasive species from colonising the lower mussel 
zone. In particular there is experimental evidence that combinations of wave action 
(Chapter 3) and competitive displacement by P. perna (Rius and McQuaid in press) 
effectively exclude M galloprovincialis from the lower parts of the mussel zone. 
Moreover, this study shows that a species that is less well adapted than a competitor to an 
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important abiotic factor both morphologically (in tenns of labial palp length) and 
physiologically (in tenns of sand tolerance) can nevertheless maintain dominance. 
I 
I 
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CHAPTER 3 
HYDRODYNAMIC STRESS AS A DETERMINANT FACTOR IN IIABITAT SEGREGATION 
BETWEEN Perna perna AND Mytilus galloprovincialis IN SOUTH AFRICA 
38 
Introduction 
Intertidal organisms are often exposed to large hydrodynamic forces associated with 
wave action (Denny 1985,1995; Denny and Gaines 1990; Gaylord et al. 1994). Because 
they can regulate the supply of food or propagules and break or dislodge organisms, wave 
forces play an important role in determining the structure and dynamics of many 
intertidal communities (Menge 1976; Lubchenco and Menge 1978; Paine and Levin 
1981; Sousa 1985). The ability of an organism to resist the water motion produced by 
waves is a pre-requisite for life in wave-swept environments and if an orgamsm 
experiences a force that exceeds its strength of attachment, it will be dislodged. 
In South Africa, wave action affects entire intertidal communities, influencing both the 
vertical distribution of biomass and the trophic composition of that biomass (McQuaid 
and Branch 1985b) and can have strong species-specific effects (McQuaid and Branch 
1984). Mussels are often the major occupiers of primary space on rocky intertidal shores 
(Seed and Suchanek 1992) and in South Africa, growth rates of mussels are higher at 
wave exposed sites than sheltered ones, while mussels experiencing high hydrodynamic 
stress tend to increase shell thickness (McQuaid and Lindsay 2000; Steffani and Branch 
2003c). 
Waves can be the major cause of mussel mortality in the intertidal zone (Paine and Levin 
1981) and the ability to resist dislodgement will be an impOliant attribute for a potentially 
invasive species. Several studies have reported differences in the strength of byssal 
attachment for co-existing mussel species that compete for space (Witman and Suchanek 
1984; Willis and Skibinski 1992; Bell and Gosline 1997; Hunt and Scheibling 2001; 
Schneider et al. 2005). Greater attachment strength could contribute to competitive 
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dominance both seasonally, dUling winter storms, and geographically, along gradients of 
wave exposure among shores, and vertically within shores, leading to habitat segregation. 
The success of mussels in withstanding strong wave forces is largely due to the byssus, 
an extracellular bunch of collagenous threads that is secreted by the byssal gland, which 
lies in the ventral groove of the foot, and allows mussels to attach firmly to the 
substratum and to each other (Waite 1992). Each byssal thread is proximally attached to a 
common stem that connects via the root to the byssus retractor muscle (Brown 1952), and 
is composed of three distinct parts that differ in their ultrastructure, protein composition 
and, consequently, in their physical properties (Bairati and Vitellaro-Zuccarello 1976; 
Benedict and Waite 1986). The proximal region of the thread is more elastic but less 
strong than the distal region, and the two make up about one and two thirds respectively 
of total thread length (Qin and Waite 1995). Each thread terminates in an adhesive plaque 
containing water insoluble adhesive proteins that enable mussels to anchor to solid 
surfaces (Waite 1992). 
Mussels adjust their attachment strength in response to the flow environment. In the 
laboratory, attachment strength increases with water agitation (Young 1985; Lee et al. 
1990) and in the field it increases with increasing wave exposure both between sites 
(Witman and Suchanek 1984), and between habitats within a site; mussels living in tide 
pools are less strongly attached than those on emergent rocks (Hunt and Scheibling 
2001). Moreover, attachment strength is lower in mussels sheltered within a bed than in 
those living outside the bed or at its fringe (Witman and Suchanek 1984; Bell and Gosline 
1997). Mussel attachment strength responds also to temporal variations in flow; it 
increases in winter and is correlated with seasonal fluctuations in wind and wave action 
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(Price 1982; Carrington 2002; Hunt and Scheibling 2001; Witman and Suchanek 1984). 
Attachment strength also increases with increasing mussel size (Harger 1970; Witman 
and Suchanek 1984; Hunt and Scheibling 2001). Mussels adjust their attachment strength 
by varying both the number and the thickness of byssal threads, but differences between 
species can mainly be explained by differences in thread thickness, while thread number 
is the primary mechanism affecting attachment strength within a species (Bell and 
Gosline 1997; Carrington 2002). 
The process of byssal thread production can be energetically expensive, forming 8 to 
15% of a mussel's monthly energy expenditure (Griffiths and King 1979; Hawkins and 
Bayne 1985). Reproductive condition varies seasonally, and usually mirrors temporal 
fluctuations of sea surface temperature (Seed and Suchanek 1992; Carrington 2002). In 
South African populations of Perna perna and Mytilus galloprovincialis, gamete 
production usually takes place twice a year, in winter between June and September and 
again in surruner between January and April (Griffiths 1977; van Erkom Schurink and 
Griffiths 1991). During gonad development, mussels are subjected to a very high 
energetic effort, investing up to 90% of their energy budget in gamete production (Seed 
and Suchanek 1992). Consequently, thread production can be energetically constrained 
during the reproductive season, making mussels more vulnerable to wave action and thus 
increasing the risk of dislodgment (Carrington 2002). 
The ability of a mussel to survive in a wave-swept environment depends not only on its 
attachment strength, but also on the magnitude of the hydrodynamic forces to which it is 
exposed. These hydrodynamic forces are mainly determined by the size and shape of the 
mussel itself and the flow regime to which it is subjected (Denny et al. 1985; Denny 
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1988, 1995). Breaking waves can expose mussels to forces due to both the water's 
velocity, drag and lift, and to its acceleration (Denny 1995), though, because of the small 
length scales involved, acceleration forces are insignificant relative to lift and drag 
(Gaylord 2000). Lift is the main hydrodynamic force exerted on mussels living tightly 
packed in a mussel bed, (referred to here as bed mussels; Denny 1987; Fig. 3.1). Lift is 
generated by water flowing over the bed and creating a difference in pressure between the 
top and the bottom of each mussel. This force can be strong enough to pull a mussel up 
and dislodge it. Bed mussels are usually arranged so that their anterior-posterior axis is 
perpendicular to the substratum, reducing the area exposed to lift force (flow). Mussels 
living outside the bed (solitary mussels; Fig. 3.1) are mainly subjected to drag 
hydrodynamic forces acting in the direction of flow. Solitary mussels are usually 
arranged with their anterior-posterior axis parallel to the substratum. In South Africa, 
waves can subject intertidal organisms to extremely intense and powerful hydrodynamic 
stress (Steffani and Branch 2003c). Moreover, wave exposure has being shown to 
influence the growth (McQuaid and Lindsay 2000), population structure (McQuaid et al. 
2000) and recruitment (McQuaid and Lindsay 2005) of P. perna. Consequently, wave 
action is likely to be a key factor influencing the dynamics of co-existence and 
competition between M galloprovincialis and P. perna. 
The influence of wave action on habitat segregation between M galloprovincialis and P. 
perna was investigated by performing two studies: 
I) Short-term study: 
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This study reports differences in byssal attachment strength of the two co-existing and 
competing mussel species, M. galloprovincialis and P. perna, and also investigates the 
mechanical causes contributing to these differences. In addition strength of attachment 
measurements were coupled with modelled hydrodynamic forces to predict the 
probability of dislodgement. Thus, the following hypothesis was tested: because 
hydrodynamic stress is higher on the low shore, it contributes to the vertical zonation of 
the two species. 
2) Seasonal study: 
This study examined seasonal fluctuation in the attachment strength of M 
galloprovincialis and P. perna, and relates them to variations in the hydrodynamic 
environment and reproductive condition. The competitive advantage of being able to 
resist hydrodynamic stress better could be more or less pronounced in different months of 
the year due to fluctuations in the reproductive status of the two species and to seasonal 
changes in sea temperature and wave intensity. Thus the following hypotheses were 
tested: a) Reproductive condition (calculated by multiplying the mantle gamete fraction 
by the total mantle dry weight and then dividing by the dry body weight) will be 
correlated with sea surface temperature, b) Strength of attachment will be positively 
correlated with wave action, c) Strength of attachment will also be negatively correlated 
with reproductive effort. 
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Fig. 3.1 Solitary and bed mussels from the mid-mussel zone. 
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Materials and methods 
Short-term study 
All mussels used in this study were collected from a granite shore in Plettenberg Bay 
(34°05'S, 23°19'E; Fig. 1.1), on the south coast of South Africa, during summer low 
tides in January 2003. The sampling area was small (approximately 20m2) and 
topographically uniform, so all mussels were assumed to be exposed to similar abiotic 
factors. Mussels living within a monolayered mussel bed (bed mussels) and living outside 
the bed (solitary mussels) were considered separately. Multilayered mussel beds were not 
investigated. 
Attachment strength and failure location 
Mytilus galloprovincialis and Perna perna individuals (2.3-6.9cm shell length; n = 75 for 
each species and for each position, i.e. bed or solitary mussels), were tested for 
attachment strength in the mid mussel zone. To measure mussel attachment strength, a 
2mm diameter hole was drilled through the shell valves close to the posterior margin 
using a hand held battery operated drill (Denny 1987). A fish hook, connected to a 
recording spring scale, was inserted through the hole. The scale was steadily and 
uniformly lifted normal to the rock surface until dislodgment occurred (after 1 to 3 sec) 
and the force required to detach each mussel was recorded in Newtons. The minimum 
separation of bed mussels was 20cm, so that measurements did not influence one another 
by disturbing the mussel bed. Two-way ANCOV A, with shell length as a co-variate, was 
used to evaluate the effects of species and position (fixed factors) on attachment strength. 
The location of byssus failure for each dislodged mussel from the mid zone was recorded 
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in one of five categories: root, stem, byssal thread, plaque and substratum. In addition, 
attachment strengths of M galloprovincialis in beds in the high and mid zones, and of P. 
perna in beds from the mid and low zones were measured using similarly sized 
individuals (3.5-4.5cm shell length; n = 50 for species in each zone). P. perna and M 
galloprovincialis are absent or rare in the high and low mussel zone respectively. A 
Kruskal-Wallis test was performed to evaluate the effect of zone on attachment strength 
for each species separately. 
Morphometrics 
For each dislodged mussel, the shell length (anterior-posterior axis), height (dorso-ventral 
axis) and width (lateral axis) were measured to the nearest mm with Vernier callipers. 
The minor shell platform area (Ap,min, minimum exposed shell area) was approximated as 
an ellipse and calculated using shell height and width as major and minor axes 
respectively. The major shell platform area (Ap,max, maximum exposed shell area) was 
approximated as an ellipse using shell length and height. Data were log transformed and 
ANCOV A was used to evaluate the effects of species and shell length on Ap,min and 
Ap,max, and on shell width and height. 
The number of byssal threads was counted from samples (n = 50) of solitary and bed 
mussels of both species collected in the mid mussel zone. To avoid breaking the byssal 
threads, each individual was carefully removed from the substratum using a scalpel. For 
each mussel, diameters of the root and of the proximal region of one newly formed, 
randomly selected byssal thread were measured. Data on thread numbers were square 
root transformed and a two-way ANCOV A was performed to evaluate the effects of 
46 
species, position (fixed factors) and shell length (co-variate) on the number of byssal 
threads. Regression analysis was used to test the dependence of thread number and root 
diameter on shell length for each species and for each position. Students' t-test was used 
to test equality of the coefficients for the shell length-species and shell length-position 
regressions of the two species. 
Wave exposure 
Degree of wave exposure was quantified in October 2005 by measuring maximum wave 
force using dynamometers modelled on those used by Palumbi (1984). Fifteen 
dynamometers where placed at Port Alfred (33°30'S, 27°10'E; Fig. 1.1), five in each of 
the three mussel zones, and removed the following day during very rough seas with over 
five meter swells (South African Weather Service). Each dynamometer gave a single 
measurement of maximum wave force during the two tidal cycles which was expressed in 
N.m"2. One-way A.NOV A was performed to determine whether maximum wave force 
differed among the three mussels zone. 
Hydrodvnamic forces 
Bed mussels are oriented with their long axis perpendicular to the plane of the 
substratum. Lift was assumed to be the only hydrodynamic force imposed on such 
mussels (Denny 1987) and was calculated as: 
Fl;fi = 1I2pU2Ap.minCI (1) 
where p is sea water density (1024Kg.m"\ U is water velocity (m.s"l), Cl is the 
dimensionless coefficient of lift (0.88 for bed mussels, Denny 1987), and Ap.min is the 
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minor shell platform area, calculated as described. The posterior-anterior axis of solitary 
mussels is parallel to the plane of the substratum. For solitary animals, drag was assumed 
to be the only hydrodynamic force imposed on them (Denny 1987) and was calculated as: 
(2) 
where Cd is the coefficient of drag. For Mytilus californianus this coefficient is 0.8 when 
drag acts perpendicular (worst case scenario) and 0.2 when it acts parallel (best case 
scenario) to the posterior-anterior axis respectively (Denny et al. 1985). Ap,max is the 
major shell platform area, calculated as described. Acceleration force was not considered 
because of the small spatial scales of surf zone acceleration (Denny et al. 1985; Gaylord 
et al. 1994; Gaylord 2000). Formulae (1) and (2) were used to calculate hydrodynamic 
forces acting on both bed and solitary mussels. Two scenarios were investigated for 
solitary mussels: the direction of water flow perpendicular (worst case scenario) and 
parallel (best case scenario) to the posterior-anterior axis. Because differences in shell 
morphology between the two species were relatively subtle, we assumed that coefficients 
of drag and lift (Cd and C1) were the same for the two species. 
Probability of dislodgement 
Tenacity measurements of bed and solitary (worst case scenario position) mussels of both 
species were ranked in increasing order. The probability, p, of having a tenacity less than 
a mussel of rank j was calculated using the equation p=j(n+ 1), where n is the number of 
mussels sampled. The probability of dislodgment was calculated as the maximum value 
of p amongst mussels with tenacities less than or equal to the hydrodynamic force (lift or 
drag) generated by water flow of given U. 
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Statistical analysis 
Shapiro's and Levene's tests were used to assess normality and homogeneity of variances 
respectively. When data failed the requirements for parametric analysis, they were 
transfonned as indicated; when transformation was successful, parametric analysis was 
performed, otherwise non-parametric analysis was used. 
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Seasonal study 
Mussels used in this study were collected monthly between May 2003 and October 2004 
from granite shore in Plettenberg Bay (34°0S ' S, 23°19'E; Fig. 1.1), on the south coast of 
South Africa. Again, the sampling area was small (approximately 20 m2) and 
topographically uniform, so all mussels were assumed to be exposed to similar abiotic 
factors. Samples included only mussels living within a monolayered mussel bed from the 
mid-mussel zone. 
Attachment strength and reproductive condition 
Mytilus galloprovincialis and Perna perna individuals (3.S-4.Scm shell length; n = 20 
each month for each species) were tested in situ for attachment strength as described for 
the short-term study experiment (Denny 1987; Bell and Gosline 1997). The number of 
byssal threads of each dislodged mussel was counted. The diameter of the distal region of 
three randomly chosen byssal threads from each individual was measured using a 
dissecting microscope (± 1 flm). In addition, the reproductive status of 20 female mussels 
of each species (3.S-4.Scm shell length) collected at the same site was determined each 
month. Reproductive condition factors of the two sexes, which indicate fluctuations in 
flesh weight due to gamete maturation, cannot be distinguished (Griffiths 1977; Griffiths 
and King 1979). The gonad mantle lobes were dissected from each animal. A small 
portion (- O.lg) of gonad tissue was cut from the middle region of the mantle lobe and 
fixed in Bouin's solution for histological examination; the remaining gonadal tissue and 
the rest of the body were dried separately to constant weight (2d) at 60°C. The fixed 
gonadal tissues were then dehydrated in ascending concentrations of alcohol, washed in 
so 
xylene and then embedded in paraffin. Samples were then cut in 6f!m sections and stained 
with hematoxylin and eosin. A representative section through the gonad tissue was used 
to determine the reproductive status of each individual using a video microscope system. 
A grid of 64 points was drawn on the video monitor and the fraction of mantle tissue that 
was reproductive (mantle gamete fraction) was calculated by dividing the number of 
points that fell on developing or ripe eggs by the total number of points. The 
gonadosomatic index (GSI), a measure of reproductive condition, was calculated by 
mUltiplying the mantle gamete fraction by the total mantle dry weight and then dividing it 
by the flesh dry body weight (Roff 1992). 
Kruskal-Wallis tests were used to evaluate the effects of species and month on attachment 
strength, number of byssal treads, diameter of the distal region and gonad index. 
Significant results for Kruskal-Wallis tests were further examined using post hoc LSD 
analysis (except for GSI). 
Oceanographic data 
Wave heights were obtained from data for a virtual buoy located at 34° 51' S : 23° 53 ' E 
as recorded by the USA National Data Buoy Centre (www.ndbc.noaa.gov). A virtual 
buoy gives a wave model prediction of a buoy report. Wave height, wave direction, wind 
speed, wind direction and period are extracted from the NOAA W A YEW A TCH III 
model (Tolman 1999). Mean daily wave heights were calculated from hourly values, and 
then used to calculate mean monthly values. Daily sea surface temperature (SST) data 
were recorded at Tsitsikamma (32°21 ' S, 26°58'E) by the South African Weather Service, 
and were used to determine mean monthly values. 
, ; , 
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Cross-correlation 
Mean attachment strengths of M galloprovincialis and P. perna were cross-correlated 
with wave height, GSI and SST. GSI of each species was cross-correlated with SST using 
the computer program Statistic a 7. 
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Results 
Short-term study 
Attachment strength and failure location 
Mussel size, species and position (bed or solitary animals) were highly significant factors 
influencing attachment strength (two-way ANCOV A, P < 0.0001; with no significant 
interaction among factors; Table 3.1 ; Fig. 3.2). On average, attachment strength of Perna 
perna was 24-26% higher than for Mytilus galloprovincialis, for solitary and bed mussels 
respectively. Solitary mussels were 19 and 21 % more strongly attached to the substratum 
than those sheltered within a mussel bed for M galloprovincialis and P. perna 
respectively. The effects of species and position increased at greater shell lengths. 
Comparisons of attachment strengths for mussels dislodged from the high, mid and low 
mussel zones showed a clear vertical gradient, with mussels living lower on the shore 
having stronger attachment in both species (Kruskal-Wallis test, p < 0.0001 in both 
cases). On average, M galloprovincialis in the mid zone were 46% more strongly 
attached than those in the high zone, while P. perna attachment strength was 35% higher 
in the low zone than in the mid zone (Fig. 3.3). 
df MS F P 
Shell length (co-variate) I 983 83.43 1956.047 <0.0001 
Species I 15621.07 310.576 <0.0001 
Position (bed/solitary) 1 7596.09 151.025 <0.0001 
Species·Position (bed/solitary) I 81.24 1.615 0.2047 
Error 295 50.30 
Table 3.1 Two-way ANCOVA for attachment strength measurements of mussels from 
the mid-mussel zone. df = degree of freedom; MS = Mean Squares; F = F- Ratio; p = 
probability value. 
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Fig. 3.2 Relationship between shell length and attachment strength in P. perna solitary 
mussels (y = 20.188x-31.807,? = 0.873), P. perna bed mussels (y = 17.492x-31.32, r2 = 
0.9173), M. galloprovincialis solitary mussels (y = 14.868x-24.337, ? = 0.8421), and M. 
galloprovincialis bed mussels (y = 14.49x-31 .52, r2 = 0.8922). 
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Stem failure was never observed (Table 3.2). For both species, the most frequent failure 
location was substratum for bed and the plaque for solitary mussels. Root failure was rare 
but more frequent in solitary mussels (8-11%) than in bed mussels (1.5-2%). The 
frequency of substratum failure was higher in bed mussels (about 50%) than in solitary 
mussels (12-16%). Plaque was the weakest attachment location for the solitary mussels, 
accounting for 42 and 49% for M galloprovincialis and P. perna respectively, while in 
bed mussels the values were 31 and 36%. Byssal threads failed more often than the root, 
and again, this was more frequent in solitary mussels (27-35%) than in bed mussels (11-
19%). 
Failure location Mytilus galloprovincia!is Perna perna 
solitary bed solitary bed 
Root 11.1 2.1 8 1.5 
Thread 34.9 18.9 27 11.2 
Plaque 42 30.9 48.9 36.3 
Substratum 12 48.1 16.2 51 
Table 3.2 Location of attachment failure (%) for M galloprovincialis and P. perna 
individuals experimentally dislodged in the field. Sample size is 75 mussels for each 
column. 
Momhometrics 
The co-variate, shell length, significantly influences all morphometrics, while species 
affected some morphometrics but not others. Shell height did not differ significantly 
(ANCOVA, p = 0.4; Table 3.3) between the two species, while M galloprovincialis 
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shells were 22% wider than P. perna shells for a given shell length (ANCOV A, P < 
0.0001; Table 3.4; Fig. 3.4). Consequently, M. galloprovincialis had a significantly 
bigger (ANCOVA, p < 0.0001; Table 3.5) Ap,min than P, perna, but the morphometric 
relationship between shell length and Ap,max did not differ significantly between species 
(ANCOVA, p = 0.37; Table 3.6; data not shown). Byssal thread number increased with 
shell length and both species and position significantly affected byssal thread number 
(two-way ANCOVA, p < 0.0001 with no significant interaction; Table 3.7; Fig. 3.5). On 
average, the number of byssal threads for P. perna was 23.6 and 18.5% higher than for 
M. galloprovincialis, for solitary and bed mussels respectively. Solitary mussels had 22.6 
and 27.5% more byssal threads than bed mussels for M. galloprovincialis and P. perna 
respectively. Thread diameter increased with animal size for both species and for both 
positions (regression, p < 0.001), P. perna had significantly (Students't test, p < 0.0001) 
thicker threads than M. galloprovincialis (approximately 14% for both solitary and bed) 
and solitary mussels had significantly (Students ' t test, p < 0.0001) thicker threads than 
bed mussels (approximately 12% for both species; Fig. 3.6). Root diameter increased 
with animal size for both species and for both positions (regression, p < 0.001). 
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df MS F P 
Shell length (co-variate) I 2.609668 1707.182 <0.000 1 
Species I 0.001 183 0.774 0.3798 
Error 297 0.00 1529 
Table 3.3 ANCOVA for shell height measurements. df = degree of freedom; MS = Mean 
Squares; F = F- Ratio; p = probability value. 
df MS F P 
Shell length (co-variate) I 3.606458 1259.748 <0.000 1 
Species I 0.861910 301.068 <0.000 1 
Error 297 0.002863 
Table 3.4 ANCOVA for shell width measurements. df = degree of freedom; MS = Mean 
Squares; F = F- Ratio; p = probability value. 
df MS F P 
Shell length (co-variate) 1 12.3960 1741.86 <0.0001 
Species I 0.9353 131.42 <0.0001 
Error 297 0.0071 
Table 3.5 ANCOVA for Ap,m;n measurements. df = degree of freedom; MS = Mean 
Squares; F = F- Ratio; p = probability value. 
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df MS F P 
Shell length (co-variate) I 12.5023 8280.9 <0.0001 
Species I 0.0012 0.8 0.368 
Error 297 0.0015 
Table 3.6 ANCOV A for Ap,max measurements. df = degree of freedom; MS = Mean 
Squares; F = F- Ratio; p = probability value. 
df MS F P 
Shell length (co-variate) I 744.607 605.276 <0.0001 
Species I 94.269 76.629 <0.0001 
Position (bed/solitary) I 134.977 109.720 <0.000 1 
Species*Position (bed/solitary) I 1.999 1.625 0.2039 
Error 195 1.230 
Table 3.7 Two-way ANCOVA for thread nwnber. df = degree of freedom; MS = Mean 
Squares; F = F- Ratio; p = probability value. 
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Fig. 3.6 Relationship between shell length and thread diameter in P. perna solitary 
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Wave exposure 
One-way ANOYA showed that there was a significant (p < 0.0001) difference in the 
maximum wave forces recorded at different levels of the mussel zone (Fig. 3.7). Mean 
maximum wave forces increased from the high (9 682N.m'\ through the mid (19 
206N.m,2) to the low (30 476N.m,2) zone. 
Hydrodynamic forces 
Estimated drag forces acting on Ap,max of solitary mussels did not differ between species, 
because there was no significant difference in morphometric scaling of Ap,max on shell 
length. On average, the predicted scaled hydrodynamic drag force for a solitary mussel 
exposing Ap,max to water flow (worst case scenario) was 60.5% higher than for mussels 
exposing Ap,min (solitary in best case scenario and bed mussels) . Under both bed and best 
case solitary conditions, forces acting on Ap,min for M galloprovincialis were 
approximately 22% higher than for P. perna for a shell length of 4.5cm (Fig. 3.8). Scaled 
hydrodynamic force was size dependent: it increased by approximately 66% between 
shell lengths of 4.5cm and 7cm (data not shown). At velocities lower than 6m.s" the 
predicted hydrodynamic force was approximately 2.13 x I04N.m,2, while at higher water 
velocities (14 to 20m.s") it was 31.86 x104N .m,2 and 80.57xI04N.m,2 for mussels 
exposing Ap,min and Ap,max respectively. 
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Probability of dislodgement 
The probability of mussel dislodgement for a given water velocity was influenced by both 
species and position. For water velocities higher than 13m.s· l , dislodgement probability 
was always higher for M. galloprovincialis than for P. perna, and within species, it was 
higher for solitary than bed mussels. For water velocities betweenlO and 13m.s· l , the 
likelihood of dislodgment decreases in the order M. galloprovincialis solitary, M. 
galloprovincialis bed, P. perna solitary, P. perna bed. At water velocities lower than 
IOm.s·1 there is an extremely low probability of any mussels being dislodged. 
66 
f- I 1 z . )( P. perna solitary ~ 0.9 1 --.Q.-- P. perna bed 
)..Ll J ' 8 0.8
1 
·· ··.····M galloprovincialissolitary; 
~ 0 .7 j -- t,-·--M galloprovincialis bed 
6 0.6 
"'" 0 0.5 
~ 0.4 
::l 
~ 0.3 
@3 0.2 
g:; O.l j 
• • 
, 
, 
/ 
I 
j 
jJ 
d' 
/ 
rf 
/ 
d 
I 
rf 
d' 
if 
/ 
/ 
)'l oCI 
. .--..a .,JJ ~_ ......... ___ ...... '-:'~-0"'tlo-Le L'-L....,'='--_ _ __ ---_ --- -_ 
o 5 10 IS 20 25 30 
WATER VELOCITY (m.s-I ) 
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Seasonal study 
Attachment strength and reproductive condition 
Mean attachment strength varied seasonally (Fig. 3.9), showing almost exactly the same 
pattern for both species. There was a rapid decrease in late winter/early spring (between 
August and October) and a more gradual increase in summer (between December and 
January) . Maximum attachment strength values were recorded in August 2003 (73.4N) 
and in September 2004 (96.6N) for M galloprovincialis and P. perna respectively. The 
two species showed the weakest attachment in November 2003 (32.2N) and in December 
2004 (43 .6N) for M galloprovincialis and P. perna respectively (Fig. 3.9). A Kruskal-
Wallis test showed that P. perna was significantly (p < 0.0001) more strongly attached 
than M galloprovincialis. Mean thread diameter and number followed the same seasonal 
pattern decreasing between August and October and increasing between December and 
February (Figs 3.10 and 3.11). Kruskal-Wallis tests showed that P. perna had 
significantly more (42.5%) and thicker (14.4%) threads than M. galloprovincialis (p < 
0.0001 in both cases). A post hoc LSD analysis showed that mean monthly attachment 
strength and thread number were significantly different between the two species during 
all months. In contrast, mean monthly thread diameter was not significantly different in 
December, February, June, July and October 2004 (post hoc LSD analysis ; p > 0.05 in all 
cases). For each species, mean attachment strength was significantly correlated with 
thread number (p < 0.001; Fig. 3.12 a, b) and diameter (p < 0.05 for M galloprovincialis 
and p < 0.001 for P. perna; Fig. 3.13 a, b). 
Fluctuations in gamete maturation and release showed that both M. galloprovincialis and 
P. perna had two major spawning each year, the former from October to December 2003 
68 
and from April to June 2004, the latter from June to July 2003 and 2004 and from 
January to March 2004 (Fig. 3.14). 
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Fig. 3.9 Mean (± SD) monthly attachment strength of P. perna and M gal/oprovincia/is 
in Plettenberg Bay from May 2003 to October 2004. 
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Fig. 3.10 Mean (± SD) monthly thread diameter of P. perna and M galloprovincialis in 
Plettenberg Bay from May 2003 to October 2004. 
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Fig. 3.11 Mean (± SD) monthly number of threads for P. perna and M ga/loprovincia/is 
in Plettenberg Bay from May 2003 to October 2004. 
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Fig. 3.12 Correlation between mean monthly attachment strength and mean monthly 
thread number for (a) P. perna (y = 0.4905x - 3.3182; r2 = 0.9381) and (b) M 
galloprovincialis (y = 0.5054x + 7.2668; ~ = 0.7002). 
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Fig, 3.13 Correlation between mean monthly attachment strength and mean monthly 
thread diameter for (a) P. perna (y = 0.4334x + 2.118; r2 = 0.5199) and (b) M 
galloprovincialis (y = 0.31 I 5x + 8.8785; r2 = 0.3313). 
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Fig. 3.14 Mean (± SD) monthly gonadosomatic index (GSI) of P. perna and M. 
galloprovincialis in Plettenberg Bay from May 2003 to October 2004. 
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Oceanographic data 
Mean monthly wave height increased in late auturrm-winter and decreased in late spring 
with minima in summer (i.e. January, February; Fig. 3.16). Mean monthly sea surface 
temperature (SST) showed a seasonal cycle with a maximum peak in late summer 
(21.8°C, February) and two minima in early spring 2003 (15.6°C, September) as winter 
2004 (J6.2°C, July; Fig. 3.17). 
Statistical analyses 
The best positive cross correlation between attachment strength and mean wave height 
was observed with zero lag for both species, and when attachment strength lagged one 
month behind (P. perna) or preceded wave height by one month (both species; Fig. 3.18 
a, b) . Attachment strength was negatively correlated with GI 1-2 months earlier (i.e. lag = 
1-2 months) for P. perna and 6 months earlier (lag 6) for M galioprovincialis (Fig. 3.19 
a, b). Attachment strength of both species was negatively correlated with SST with zero 
lags and when it preceded SST by one or two months (Fig. 3.20 a, b). P. perna gonad 
index showed the highest positive correlation with SST at lags of zero and + I; M 
galloprovincialis was not significantly correlated with SST (Fig. 3.21 a, b). 
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Fig. 3.16 Mean (± SD) monthly wave height in Plettenberg Bay from May 2003 to 
October 2004. 
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Discussion 
The risk of dislodgement for a mussel is proportional to the square of the maximum water 
velocity it experiences. Dynamometers showed a vertical gradient of maximwn wave 
forces in the mussel zone, with more intense hydrodynamic forces lower on the shore. 
This mirrors a vertical gradient in mussel attachment strength for both species. Moreover, 
Perna perna living lower on the shore will experience not only higher maximum water 
velocity but, during a single tide cycle, it will be subjected to hydrodynamic stress for a 
longer period than Mytilus galloprovincialis living in higher intertidal areas. 
Hydrodynamic stress depends not only on water velocity but also on the shape of the 
mussel and the area over which the force acts. Scaled to mussel shell length, M 
galloprovincialis has a wider shell than P. perna, increasing its hydrodynamic load. M 
galloprovincialis has an Ap.min 21.7% larger than P. perna, consequently, when exposing 
Ap,min to drag or lift forces, it will experience about 22% greater hydrodynamic stress than 
P. perna. Possible morphometric differences between bed and solitary mussels of the 
same species were not readily obvious and were not investigated. The morphometric 
relationship for shell length vs. Ap,m" did not differ significantly between the two 
species; thus they will experience similar hydrodynamic drag forces when exposing 
Ap,max to water flow. 
The risk of dislodgement, of course, depends on a mussel's attachment strength. 
Hydrodynamic forces can affect the integrity of the byssus by damaging or breaking 
some of the byssal threads, or by dislodging the whole animal when the forces exceed 
total byssal strength. This study showed that, on average, P. perna is more strongl y 
attached than M galloprovincialis, and that the attachment strength of solitary mussels 
83 
was higher than that of bed mussels. On average, the difference in attachment strength 
between the two species was maintained during the 18 months survey, but attachment 
strength for both was 40% higher in winter compared to summer. On average P. perna 
had 28% higher attachment strength than M ga/loprovincialis, with a greater difference 
during winter. The wider shell of M ga/loprovincialis and its weaker byssal attachment 
indicate a disadvantage during hydrodynamic stress that could explain the vertical 
zonation of the two species, and the restriction of M ga/loprovincialis to the higher 
mussel zones, where water velocity is less intense and exposure to wave action is briefer. 
Due to their orientation and position on the rocks, bed and solitary mussels are primarily 
subjected to lift and drag force respectively. Laboratory studies showed that solitary 
mussels tend to arrange the posterior-anterior axis perpendicular to water flow and 
parallel to the substratum thus exposing a smaller area and reducing hydrodynamic stress 
(Dolmer and Svane 1994). In the field, this ideal orientation is difficult to maintain due to 
the variable and unpredictable flow of breaking waves. On average, a 4.5cm solitary 
mussel in a worst case scenario position (broadside to the flow) exposes a 60% greater 
surface area than a solitary mussel of the same size in a best case scenario position (end 
on), and will experience proportionally larger hydrodynamic stress. In contrast, bed 
mussels are arranged with the posterior-anterior axis perpendicular to the substratum, 
always exposing the smallest shell area to lift, which is independent of the direction of 
water flow. Consequently bed mussels are subject to a more predictable hydrodynamic 
environment (Denny 1987). On average, a solitary mussel is about 20% more strongly 
attached than a bed mussel; however its increased attachment strength is not enough to 
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compensate for the higher hydrodynamic load, leading to a higher probability of 
dislodgement. 
In this study, attachment strength was quantified by pulling the mussel normal to the 
substratum until dislodgment occurred; this method simulates lift forces, but not drag and 
thus it is an adequate method for bed but not for solitary mussels. Bell and Gosline (1996) 
predicted that the tenacity measured parallel to the substratum for a solitary mussel with 
uniformly distributed byssal threads is 53-57% of that measured perpendicular to the 
substratum. According to this prediction, solitary mussels would be even more prone to 
dislodgement. A mussel living in a densely packed bed exploits the physical protection 
from hydrodynamic stress and predation offered by nearby mussels and can decrease the 
metabolic cost of byssus production, potentially investing more energy into growth and 
reproduction. However, in a mussel bed, reduced food availability leads to slower growth 
and lower reproductive output (Okamura 1986, Frechette et al. 1989, O'Riordan et al. 
1993, Butman et al. 1994). Moreover, mussel beds can form a very dense and intricate 
matrix of byssal threads attaching to the substratum and linking mussels to each other. 
When mussel density is very high, the byssal matrix can lose contact with the substratum, 
resulting in a slight elevation of the mussel bed - a hummock. These hummocks are 
relatively easily dislodged by wave action, forming gaps (e.g. Seed and Suchanek 1992, 
personal observation). Removed individuals deprive neighbouring mussels of shelter and 
of area to which byssal threads can attach, so that their attachment strength is lowered. In 
addition, being connected to each other, the hydrodynamic stress suffered by one mussel 
can be partially transferred to nearby individuals. 
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The primary mechanisms of increasing attachment strength are: increased thread number, 
increased thread thickness and increased thread strength. The third mechanism was not 
investigated. Our results show that thread number and diameter both contribute to species 
and position differences in attachment strength, and that the former is the major factor. 
The short-term study showed that on average P. perna was 25% more strongly attached 
than M. galloprovincialis; this difference is reflected by an increased byssal thread 
number and diameter, on average 22 and 14% respectively. Mussels living outside the 
bed are 20% more strongly attached than mussels in beds; this is again due to an 
increased thread number (on average 25%) and thread diameter (on average 12%). In 
Mytilus edulis seasonal changes of attachment strength are mirrored by thread number 
fluctuations (Carrington 2002). Our results showed that, despite the lower contribution 
than thread number (37%) to strength of attachment, thread thickness is also correlated to 
seasonal strength of attachment. 
Generally, the plaque was the most common failure location for both species. Plaque 
fallibility could have been overestimated due to difficulties in distinguishing between 
plaque failure and failure of a thin layer of substratum to which the plaque adheres. This 
miscalculation would have been more pronounced in bed mussels than solitary mussels 
because of the higher amount of sediment (sand, shell fragments etc.) which tends to 
accumulate within a bed. The large amount of sediment could also explain the higher 
substratum fallibility of bed mussels compared to those not living in patches. Stem failure 
never occurred and our results show that the root was the least common failure location. 
Threads failed more in solitary mussels than in bed mussels; this is probably because the 
former are attached to the primary substratum, while at least some of the threads of the 
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latter are attached to less secme secondary substratmn. Root failme occms only when the 
root is weaker than the total byssal thread strength and may be more common in solitary 
mussels because they have more and thicker threads attached to primary substratum. 
The time required for mussels to react to changes in hydrodynamic stress can vary even 
within the same species; M. edulis attachment strength can both precede or react to 
increasing wave height (Price 1982; Carrington 2002). In the present study, the highest 
correlation of attachment strength with wave height was observed at zero lag for both 
species, showing that changes in attachment strength in both M. galloprovincialis and P. 
perna react to, rather than precede increased hydrodynamic stress. Despite the ability of 
mussels to produce a byssal thread in less than five minutes (personal observation) and 
thus to adjust their attachment strength in a relatively short time, there are periods when 
high hydrodynamic stress does not coincide with high strength of attachment (e.g. 
December 2003; Figs 3.9, 3.16). Seasonal variation in attachment strength could also 
negatively respond to temperatme, with higher SST affecting the production of byssal 
threads (Van Winkle 1970). Mussel dislodgements are sporadic events, that can occur 
unpredictably throughout the year, but strong storms during winter render mussels 
particularly prone to hydrodynamic disturbances (Brundrit and Shannon 1989). Rius and 
McQuaid (in press) showed that, under experimental conditions in the field, mortality of 
M. galloprovincialis dming a storm was higher than that of P. perna in the same zone, 
highlighting the ability of the indigenous P. perna mussel to withstand hydrodynamic 
stress better. In addition, mortality showed a marked decreased from the low zone, 
through the mid zone to the high zone, indicating that mussels on the low shore were 
more susceptible to storms. 
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The success of M galloprovincialis as an invader is largely due to its fast growth and 
very high reproductive output, which is between 20 and 200% greater than that of the 
indigenous South African mussel species (van Erkom Schurink and Griffiths 1991). My 
results confirm this pattern; on average M galloprovincialis GSI was 38% higher than 
that of P perna while the maximum value was nearly double. The high reproductive 
output of M galloprovincialis leads to densities up to 20 000 recruits per 100cm2 on the 
west coast (Harris et al. 1998) and also on the south coast M. galloprovincialis re-
colonizes free space significantly faster (Erlandson et al. in revision). Gonad development 
can place high energetic demands on mussels (forming up to 90% of a mussel's energy 
budget; Seed and Suchanek 1992), while the replacement of decayed byssal threads can 
take up 8-15% of total energy expenditure (Griffiths and King 1979; Hawkins and Bayne 
1985). Thus the high reproductive effort of M galloprovincialis may come at the cost of 
poorer attachment strength. 
Water flow at wave-exposed shores not only puts mussels at risk of dislodgement and of 
damage to their shells, it also delivers more food compared to sheltered sites (Sanford et 
al. 1994; Bustamante and Branch 1996; Dhalhoff and Menge 1996). Food provides 
energy for metabolically costly processes such as byssal thread replacement, increases in 
shell thickness and gamete synthesis (Griffiths and King 1979; Hawkins and Bayne 1985; 
Seed and Suchanek 1992). Consequently, attachment strength could react not only to 
wave forces, but could also be influenced by energetic constraints due to limited food 
delivery or to energetic investment in other physiological needs. Both species showed a 
major and a minor spawning event each year, and in almost all cases the major event was 
preceded by gamete production during periods of relatively low hydrodynamic stress. 
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The only exception was December 2003. In contrast, minor spawning events (i.e. those 
following minor peaks in June for P. perna and October 2003 and September 2004 for M 
galloprovincialis) coincided with periods of relatively high wave height. This suggests 
that more energy was used to increase attachment strength, consequently limiting gonad 
tissue development. The major period of gamete production was more protracted for P. 
perna (four months) than for M galloprovincialis (two months) and the GSI reached 
higher values for the invasive species. Differences in attachment strength between the 
two species can be seen as a consequence of the evolutionary strategy of the invasive 
mussel, which directs most of its energy into fast growth and high reproductive output. 
Many attempts have been made to determine the factors controlling mussel 
gametogenesis and spawning. Of these, temperature and food supply seem to be 
particularly important (Hilbish and Zimmerman 1988). Rising, falling and fluctuating 
temperatures have all been reported to stimulate spawning in Mytilus (Wilson and Seed 
1974; Hines 1979; Wilson 1987; Seed and Suchanek 1992). A few studies have suggested 
that spawning occurs only within a critical temperature range (Zhanget al. 1980; Sprung 
1983), while others did not find any relation between spawning and temperature (Sunila 
1981). Newell et al. (1982) showed that populations of Mytilus edulis living at the same 
latitude and experiencing the same temperature regime, exhibited large temporal 
differences in gametogenesis and suggested that these differences were due to variations 
in food availability. Bayne and Worral (1980) showed that gamete production in M 
edulis is stimulated by increasing temperature only if enough food is available. In 
addition, reproduction can be influenced by several other environmental factors, such as 
rough weather, phase of the moon and tidal fluctuations, salinity and by endogenous 
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factors (Battle 1932; Suchanek 1978; Parulekar et al. 1982; Wilson 1987; Seed and 
Suchanek 1992). 
In South Africa, different spawning periods are repOlied in different regions for P. perna 
and M galloprovincialis (Berry 1978; van Erkom Schurink and Griffiths 1991). P. perna 
and M. galloprovincialis individuals analyzed in this study were sampled from the same 
restricted area at the same time, and they are consequently presumed to be exposed to the 
same environmental factors. Despite this, the two species showed different reproductive 
timing, suggesting that species-specific endogenous factors or responses to environmental 
conditions playa crucial role in regulating gametogenesis and spawning. P. perna gonad 
index values were positively cross-correlated, with lags of 0 and + 1, with sea surface 
temperature. Gonad index increased in September, reaching its highest values in January 
and sea surface temperature mirrors this fluctuation. In contrast, the minor gonad index 
peak took place during a temperature decrease. The gonad index of M. galloprovincialis 
was not significantly cross-correlated with sea surface temperature with any lag period. If 
we consider mussel spawning periods as sudden decreases of gonad index from relatively 
high values, M. galloprovincialis spawning events always took place at temperatures 
ranging between 16.4 and 19.5°C, while P. perna spawned at the highest and the lowest 
temperatures recorded in the 18 months of survey. 
In conclusion, attachment strength of both species constantly tracked fluctuations in wave 
height, while GS! was negatively correlated with attachment strength. This suggests that 
gamete production is energetically constrained by the energy needed to increase 
attachment strength during periods of high wave action. This study shows that two 
coexisting species can maintain different energetic strategies and that, although the 
90 
reproductive strategy of M. galloprovincialis seems to have played a crucial role in its 
ability to invade rocky shores worldwide, it can also set limits to its invasive ability. Our 
results and the decreased growth rates and condition values shown for M 
galloprovincialis on extremely exposed shores on the west coast of South Africa (Steffani 
and Branch 2003c), support the prediction that the ability of M. ga/loprovincialis to 
displace P. perna will be more pronounced at sheltered or moderately exposed sites. The 
results of this study, and those of Bownes and McQuaid (submitted) and Rius and 
McQuaid (in press), contrast with the situation on the cold water, upwelling dominated 
west coast where M galloprovincialis extends to the low shore (personal observation). A 
possible explanation for this difference is that the intense upwelling on the west coast and 
the consequent higher concentrations of phytoplankton compared to the south coast 
(Shannon 1985; Brown et al. 1992; Bustamante et al. 1995) can provide the invasive 
species with enough energy to increase attachment strength and to withstand the high 
hydrodynamic stress that characterises the lower shore. Another explanation comes from 
field experiments indicating that the exclusion of M ga/loprovincialis from the low zone 
on the south coast may be due not only to the effects of wave action, but also to 
competitive interaction with P. perna (Rius and McQuaid, in press). Moreover, the low 
biodiversity which characterises the west coast is a broad community feature generally 
seen as promoting the success of invasive species (Bustamante and Branch 1996; Mack et 
al. 2000). 
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CHAPTER 4 
POPULATION GENETIC STRUCTURE OF Perna pema AND Mytilus galloprovincialis 
92 
Introduction 
The determination of larval dispersal distances and larval origins is a central challenge in 
contemporary marine ecology. In particular, when adult organisms are sessile or exhibit 
limited dispersal, the dispersal of early life stages is critical to their population dynamics 
(Sale 1991; Caley et al. 1996). Information about larval dispersal is available for very 
few species (Shanks et al. 2003) and most of these are species that disperse over very 
short distances and can be tracked visually (Olson 1985; Stoner 1992). Methods of 
estimating dispersal involve an analysis of either the dispersal process or of the resultant 
population structure (Largier 2003). Population genetics can provide information on the 
degree of exchange between populations through a direct estimation of gene flow via 
larval dispersal (Edmands et al. 1996; Burton 1998). Gene flow and population 
subdivision leave signatures in the spatial distribution of neutral molecular variation that 
can be utilized to estimate the amount of gene exchange (Slatkin 1985) and to reconstruct 
biogeographical history (Avise et al. 1987). 
Population biologists adopted protein electrophoresis to measure genetic variation in the 
1960s when Harris (1966), Lewontin and Hubby (1966) and Johnson et al. (1966) 
demonstrated that electrophoretic surveys of protein variation could be used to estimate 
levels of genetic variation within a species and to describe population structure. More 
recently, the development of the polymerase chain reaction (PCR) has allowed the 
analysis of DNA sequences (Innis et al. 1990). PCR is used to amplify greatly the number 
of copies of specific fragments of DNA from complex DNA samples, thereby facilitating 
the subsequent analysis of the amplified fragments (Innis et al. 1990). The primary 
requirement for using PCR resides in the development of short (about 20 bases long) 
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DNA primers complementary to the ends of the DNA sequence of interest. High levels of 
DNA sequence conservation across broad taxonomic boundaries are common in 
numerous places in the genome. This allows the development of "universal primers", 
which are gene-specific primers that allow peR amplification of DNA from a broad array 
of taxa. A number of such primer sequences are known in the literature (e.g., Kocher et 
a1. 1989; Palumbi et a1. 1991; Folmer et a1. 1994). Allozymes and mitochondrial DNA 
have become widely used tools in molecular phylogeny and phylogeography (Avise 
2000). Allozyme studies of marine invertebrates have often revealed little indication of 
population subdivision, whereas mtDNA data have more frequently identified population 
genetic differentiation. For example, discrepancies between results obtained from 
allozymes and mtDNA analyses were reported for blue mussel species, Mytilus 
galloprovincialis (Karakousis and Skibinski 1992), M edulis, M trossuius, M 
galloprovincialis (Quesada et a1. 1995), and oysters, Crassostrea virginica (Reeb and 
Avise 1990; Karl and Avise 1992). Explanations for such discrepancies have focused on 
the higher mutation rate of mtDNA (Brown et a1. 1979; Powell et a1. 1986), undetected 
genetic variation in allozymes (Nei 1987), balancing selection acting on allozymes (Karl 
and Avise 1992; McDonald et a1. 1996), neutrality of allozymes and directional selection 
acting on mtDNA (Hare and Avise 1998), as well as historical factors resulting from the 
different evolutionary forces acting on mitochondrial and nuclear genomes (Rigaa et a1. 
1997). 
The animal mitochondrial genome exhibits several characteristics that make it suitable for 
population genetic and phylogenetic analysis. First, substitution rates are generally high, 
with much polymorphism occurring as nucleotide substitutions at third codon positions 
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(Brown et a\. 1979). In mammals, substitutions accumulate up to 10 times faster in 
mitochondrial DNA (mtDNA) than in single-copy nuclear DNA (scnDNA; Brown et a\. 
1979, 1982). Rates of mtDNA evolution, however, have been shown to be higher in 
mammals than in fish, amphibians and a range of invertebrates (sea urchins, insects and 
nematodes; Lynch & Jarrell 1993), which sometimes exhibit substitution rates that are 
roughly similar between invertebrate mitochondrial and nuclear genomes (e.g. Vawter & 
Brown 1986; Sharp & Li 1989; Lynch & Janell 1993). Second, animal mitochondrial 
genomes are generally maternally inherited and non-recombining. Hence, the entire 
mitochondrial genome has the same historical pattern of common descent (Wilson et a\. 
1985). Although many mitochondrial genes are highly conserved at the amino acid level, 
third codon position substitutions are often silent and thus selectively neutral (Brown et 
a\. 1979), providing many potentially informative phylogenetic characters. The mtDNA 
transmission system of mussels of the families Mytilidae (sea mussels) and Unionidae 
(freshwater mussels) is exceptional because it possesses two mtDNA lineages, one 
transmitted through the egg, the F lineage, and one transmitted through the sperm, the M 
lineage (Skibinski et a\. 1994a, 1994b; Zouros et a\. 1994a, 1994b; Liu et a\. 1996). I 
Sperm mtDNA is delivered into the oocyte and eliminated within the first 24 h after 
~ . 
fertilization in females (Sutherland et a\. 1998) but is retained in males; consequently 
females are homoplasmic for the F genome, whereas males are usually heteroplasmic for 
both genomes, with their gonads dominated by the M molecule and their somatic tissues 
dominated by the F molecule (Zouros et a\. 1994b; Garido-Ramos et a\. 1998; Steward et 
a\. 1995; Passamonti and Scali 2001). This phenomenon has become known as doubly 
95 
uniparental inheritance (DUI; Zouros et al. 1994a). M and F DNA sequences normally 
differ by as much as 20% (Hoeh et al. 1997). 
In this study, I explore the population genetic structure of the two dominant intertidal 
mussel species in South Africa, the invasive M. galloprovincialis and the indigenous 
Perna perna, over the entire South African and southern Namibia coastlines. The 
potential for larval dispersal among populations can be assessed with knowledge of 
pelagic larval duration and behaviour and movement of water masses. Both species 
reproduce by means of a planktotrophic larval stage that disperses in the water column 
for a period (weeks to months) of feeding, growth and morphological development, 
before settling to the substratum and being recruited in an adult population. Thus, they 
have high dispersal potential. The swimming abilities of mussel larvae are very limited 
and they are considered to have only a very limited influence on their actual dispersal. 
Consequently these larvae are often considered passive particles, mainly transported by 
currents (Scheltema 1986, Shanks 1995), though Shanks and Brink (2005) have recently 
shown that larval behaviour of certain bivalves can be critical in determining dispersal 
during upwelling events. 
The primary oceanographic influence on the east coast of South Africa is the Agulhas 
Current. This warm current flows down the east coast of South Africa (from 27°S to 
400 S) at rates of 10 to 20 km d· l , following the 200 m bathymetry line of the continental 
shelffrom Maputo to the tip of the Agulhas Bank (Lutjeharms 2004; Fig. 4.la). At Cape 
Padrone the shelf becomes wider, pushing the current farther from the coast (Fig. 4.1 a). 
Further west the current undergoes a dramatic retroflection, moving hundreds of miles 
away from the mainland. About once every two months the retroflection loop closes on 
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itself fonning a retroflection eddy (or Agulhas ring) about 320Km in diameter, which is 
transported north-westward across the Atlantic Ocean by the Benguela Current 
(Lutjeharms 1998). Agulhas rings carry water with thermal and salinity characteristics of 
the Indian Ocean. The Agulhas Current has a volume flux of about 65 million cubic 
meters per second; its surface speed is about 2ms'\ and it becomes slower with depth (a 
few cms'\at 2500m). The Agulhas Current is about 60 to 100Km wide (Lutjeharms 1998). 
The inshore edge is well defined by a temperature increase (up to 10°C), while the 
seaward edge is less sharp with a gradual decline of temperature and speed. The surface 
temperature is on average 28°C in summer and drops to about 20°C in winter (Lutjeharms 
1998). The inshore thermal front of this current varies geographically and in time, and 
may alter patterns of along-shelf larval dispersal. It usually lies 14 to 38km offshore, but 
it can flow onto the coast at 0 to lkm offshore (Goschen and Schumann 1990). 
Downstream of Durban the continental shelf is narrow (Fig. 4.1 a). Over this shelf region 
currents are parallel to the Agulhas, but in both alongshore directions, suggesting that 
they are driven largely by wind (Anderson et al. 1988). On the east coast, where the shelf 
width is minimal (about lOKm), the Agulhas Current can overpower these counter 
currents (Lutjeharms 2004) consequently influencing the along shore transport of larvae. 
On the south coast, where the shelf is wider, the Agulhas Current still influences an 
extensive area of the shelf (Schumann 1987; Goschen and Schumann 1988) though wind 
becomes the main forcing function (Schumann 1981; McQuaid and Phillips 2000). 
The coastal environment of western South Africa, Namibia and southern Angola IS 
strongly influenced by the Benguela Current. From Cape Point it flows northwards until 
offshore of Liideritz, where the main flow deflects to the northwest, moving away from 
97 
the coast (Peterson and Stramma 1991; Wedepohl et al. 2000; Fig. 4.la) . It is bounded by 
two warm currents, the Angola current in the north and the Agulhas Retroflection in the 
south. The Benguela Current is characterized by Ekman-driven coastal upwelling. The 
intense and consistent upwelling off LUderitz (27-28°S) separates the Northern Benguela 
from the Southern Benguela and creates a semi-permanent environmental barrier (Boyd 
and Cruickshank 1983; Agenbag and Shannon 1988). 
Gene flow may be limited by selection as well as by dispersal (Hilbish and Koehn 1985; 
Koehn et al. 1980; Powers 1987). The South Africa coastline covers a wide range of 
climatic and oceanic conditions and can be divided into biogeographic regions that 
support a great diversity of algae and animals. The boundaries of these regions depend on 
the organisms investigated (Stephenson and Stephenson 1972; Day 1981; Potter et al 
1990; Prochazka 1994; Turpie et al. 2000), but in general they can be defined as a Cool 
Temperate West Coast Province, a Warm-Temperate South Coast Province and a 
Subtropical East Coast Province (Harrison 2002). Stephenson and Stephenson (1972) 
examined the distribution of rocky-shore biota and defined three biogeographic 
provinces: a West Coast Province down the west coast to Cape Point, characterized by 
cold-waters forms; a warm-temperate South Coast Province, with mainly cooler-water 
species, from approximately Cape Point to Port St Johns; and a subtropical East Coast 
Province, characterized by warm-water species, from approximately Port St Johns to 
Mozambique(Fig. 4.1a). Based on an analysis of rocky shore invertebrates, Emanuel et al. 
(1992) divided the South African coast into three zoogeographic regions (Fig. 4.1b): from 
Ltideritz (Namibia) to Cape Point (cool-temperate Namaqua Province); from Cape Point 
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eastward to East London (warm-temperate Agulhas Province); from East London north to 
Mozambique (subtropical Natal Province). 
In this study, I sequenced mitochondrial DNA (mtDNA) from M galloprovincialis and P. 
perna populations along the South African and Namibian coastline to reconstruct 
haplotype phylogenies. The possible influence of biogeographic regions on 
phylogeographic patterns through selection, and the influence of local currents as 
oceanographic barriers regulating dispersal is investigated. 
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Fig. 4.1 a) Sea Surface Temperature (SST) image showing Agulhas Current and 
Benguela Current dynamics; b) South African coastline divided in biogeographical 
regions according to Emanuel et aL (1992). 
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Materials and methods 
Sampling, DNA extraction, amplification and sequencing 
Populations of Mytilus ga/loprovincialis and Perna perna were sampled at II and 14 
sites respectively along the Namibian and South African coasts (Fig. 4.2). Mussels were 
opened in the laboratory and a piece of gonad tissue was examined under the microscope 
to determine the sex of the animal by the presence of eggs or sperm. Because of doubly 
uniparental inheritance (DUI), only female individuals were used in this study. Whole 
genomic DNA was extracted from approximately Imrn3 of gonad tissue (attached to the 
mantle) using a standard phenol-chloroform extraction method and re-dissolved in 50f.LI 
water. The primers LCOl 1490 (5'-GGTCAACAAATCATAAAGATATTG-3 ' ) and 
HCO 2198 (5' -TAAACTTCAGGGTGACCAAAAAATCA-3 ' ) (Folmer et al. 1994) were 
used in a polymerase chain reaction (PCR; Mullis et al. 1986; Saiki et al. 1988) to 
amplify a portion of the mitochondrial cytochrome oxidase subunit I gene (mtDNA COl). 
Amplifications were performed in a 100f.LI solution containing 10-1 OOf.Lg DNA, 0.4~ 
each primer, 5f.LI Qiagen PCR buffer, 200f.LM each dNTP, and 2.5U Taq DNA polymerase 
(Qiagen). The PCR cycling profile had an initial denaturation step at 94°C for two min., 
35 cycles of denaturation at 94°C for 60sec., annealing at 54°C for 60sec, extension at 
noc for 90sec, and a final extension at noc for 5min. PCR products from each 
individual were purified with a Qiaqick gel extraction Kit (Qiagen) and cycle sequenced 
in the forward and reverse direction with the same primers used in the amplification, 
using BigDye® Terminator v3.1 Cycle Sequencing Kit (Applied Biosystem) and 
sequenced on a ABI 3100 genetic analyser. 
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Fig. 4.2 Sample locations for M galloprovincialis and P. perna. Location codes III 
brackets 
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Data analysis 
Alignment of 400-bp sequence data was carried out using Clustal W (Thompson et al. 
1994). DNA sequences were translated into amino acid data using the invertebrate 
mitochondrial genetic code to verify their mitochondrial origin. One has confidence that 
this is the case because: 1) there was at least one reading frame with no stop codon, 2) all 
translated sequences matched with published records of COl sequences in GenBank, and 
(3) no variable nucleotide positions consistently showing double peaks were encountered 
in chromatograms, as might be expected in the case of nuclear pseudogenes. 
PAUP* version 4.0b10 (Swofford 2002) was used to generate neighbour-joining trees 
using the most suitable model of sequence evolution for each species as suggested by the 
Akaike Information Criterion (AIC) as implemented in the program MODELTEST 3.06 
(Posada and Crandal 1998). Bootstrap values were generated from a re-sampling of 1000 
neighbour-joining trees. 
All analyses that involved estimates of sequence divergence of M galloprovincialis used 
the Hasegawa-Kishino-Yano (HKY+G) model of nucleotide substitutions while for P. 
perna the Tamura-Nei (TrN) model of nucleotide substitutions was used (Hasegawa et al. 
1985; Tamura and Nei 1993). Gamma distribution parameters (a) estimated in 
MODELTEST were 0.335 and 0.22 for M galloprovincialis and P. perna respectively. 
A triangular matrix of p distances among P. perna individuals was generated using 
PAUP* version 4.0b10 (Swofford 2002) and imported into Exel to calculate mean intra 
and inter lineages average sequence divergence. 
Isolation by distance 
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mtDNA lineages identified using genealogical reconstructions were examined for 
evidence of isolation by distance (Slatkin 1993). ARLEQUIN version 2.001 (Schneider et 
al. 2000) was used to calculate FSl values (sequence divergence among haplotypes; 
Excoffier et al. 1992) among populations associated with specific lineages. Pairwise FSl 
values were related to corresponding pairwise geographic distances; the strength and 
significance of the relationship between genetic differentiation and geographical distance 
was assessed by performing Mantel tests using the program MANTEL for Windows 
version 1.16 (Cavalcanti 2005). The geographic distance between populations was 
measured as the shortest continuous water-surface distance. The significance of the 
Mantel statistic Z is tested by a permutation procedure in which values in one data matrix 
are randomly reshuffled (20 000 permuted data-sets were created). 
104 
Results 
Sequence characteristics 
Sequence data (400-bp) from 110 and 140 individuals for Mytilus galloprovincialis and 
Perna perna respectively were aligned and analysed. For M. galloprovinciaZis, 29 
nucleotides sites were polymorphic, 18 of which were parsimony informative; a total of 
21 haplotypes were identified. P. perna exhibited 50 unique haplotypes and 58 
polymorphic sites, 27 of which were parsimony informative. 
Phylogeographical patterns 
When the COl haplotypes of P. perna were used to produce a phylogenetic tree 
(Neighbour-joining tree; Fig. 4.3), they formed two distinct lineages. One lineage 
included samples from Terrace Bay to Raga Raga (i. e. from the Namibian coast to the 
south-east South African coast). Samples of the other lineage extended from Kosi Bay to 
Kenton-on-Sea (South African east coast). The distributions of the two P. perna lineages 
thus overlap for about 200Km between Raga Raga and Kenton-on-Sea (south-east coast; 
Fig. 4.4). Average within lineage sequence divergences were 1.1 % and 1% for the east 
and western lineage respectively. Average sequence divergence between the two lineages 
was 2.9%. 
The COl Neighbour-joining tree of M. galloprovincialis comprised only one lineage from 
Terrace Bay to Kenton-on-Sea (Fig. 4.5). 
P. perna showed greater nucleotide diversity than M. galloprovincialis. An unrooted 
haplotype network of P. perna sequences shows two main haplotypes. Raplotypes no. I 
and no. 2 are the most common and ancestral haplotypes in populations from the eastern 
lineage (east coast) and the western lineage (south and west coasts) respectively (Fig. 
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4.6). Haplotype I was never sampled in the Namibian populations, and south of Gonubie 
it was found in only two individuals (from Kenton-on-Sea and from Kidd's Beach; Fig. 
4.7). Haplotype 2 was the most common haplotype on the south coast and was also 
sampled once in Walvis Bay. It was never found farther north than Kidd's Beach (Fig. 
4.7). The western lineage shows a higher nucleotide diversity than the east lineage; many 
haplotypes are several (up to 6) mutational steps away from the central haplotype, and are 
presumably ancient in origin (Fig. 4.6). In the eastern lineage, most haplotypes differ 
from haplotype 1 by one change, with the exception of haplotype 12 which differs by 5 
steps (Fig. 4.6). Haplotype 3 was most common on the south coast but was also sampled 
at Terrace Bay and Haga Haga. Haplotypes restricted to one site (private haplotypes) 
were found at all locations, and were more frequent in the western lineage than to the 
eastern lineage. The highest frequencies (80-90%) were found in the two Namibian 
populations (Fig. 4.7). Haplotype 4 was private to the east coast. As with haplotype 1, 
haplotype 5 was sampled on both the south and the east coasts. Haplotype 6 was private 
to Mapelane and Durban. Haplotype 10 was private to Cape Agulhas and Mossel Bay. 
Haplotype 11 was only found twice, in Walvis Bay and Kidd's Beach which are 
thousands of kilometers apart. 
Low haplotype diversity characterised populations of M. galloprovincialis. Haplotype 1, 
which occupies a central (ancestral) position in the unrooted haplotype network, was the 
most common at all sites (Fig. 4.8, Fig. 4.9). All other haplotypes differed from haplotype 
1 by one to three changes, except for haplotype 2 which differed by 6 changes (Fig. 4.8). 
Private haplotypes were found at all locations except three sites from the west coast 
(Terrace Bay, Luderitz, Saldanha Bay). Haplotype 3 was private to Mossel Bay and Cape 
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Agulhas. Haplotypes 4, 5 and 6 were all private to the Namibian and South African west 
coasts. 
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Fig.4.3 Neighbour-joining phylogram based on sequences from cytochrome oxidase I 
(COl) for P. perna. The tree was rooted using Perna canaliculus as an outgroup. Clade 
support from 1000 bootstrap replications (>80%) was added to some branches. See Fig. 
4.2 for name codes. The geographical region where each haplotype was found is shown 
above. 
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109 
"" .. j' 
./ 
., 
-
'" ~
" •• 
. ,
'" 
'" 
" 
" ~
'" 
" w, 
'" 
'" 
'" ~
IT 
~ 
" ~
'" 
" 
'" 
'" M' 
"' 
•• ~ 
'0 
~ 
~ 
'" 
'" 
'" 
-
" ~ ~ 
.. 
," M' 
'" 
'" 
" 
" e, 
" e, 
~ 
'" M" 
'" ~
" 
-" e, 
'" ~
'" 
'" 
'" 
"' ~
" 
" ~e, e, 
e, 
" e, ~ 
'" M' 
'" •• 
" 
" ~ 
" 
"' 
"' 
"' 
-
'" 
'" 
" 
" 
'" 
" 
'" 
'" M, M' 
"' 
"' .. e, 
" 100 CO 
'" e, 
"' 
"' "'_'''' ....... ''Yl:!oD017 
0 .0 . 
Fig.4.5 Neighbour-joining phylogram based on sequences from cytochrome oxidase I 
(COl) for M galloprovincialis . The tree was rooted using Mytilus trossulus as an 
outgroup. Clade support from 1000 bootstrap replications (>80%) was added to some 
branches. See Fig. 4.2 for name codes. 
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• East coast (from Kosi Bay to Gonubie) 
South coast (from Kidd 's Beach to Cape Agulhas) 
D West coast (from Walvis Bay to Terrace Bay) 
Fig. 4.6 P. perna: statistical parsimony c1adogram of cytochrome oxidase I haplotypes (1-
50). The size of each area reflects the relative abundance of the haplotype in the dataset, 
open circles indicate nucleotide substitutions between haplotypes and the ancestral 
haplotypes are indicated by a rectangle. The geographical region where each haplotype 
was found is shown in the legend and private haplotypes are denoted with an asterisk. 
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• Haplotype 1 
• Haplotype 2 Terrace BaV .-
o Haplotype 3 
-----------
o Haplotype 4 WaIY"aaY/ Mapelane 
• Haplotype 5 
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Mussel Bay ~ Kidd's Beach 
Kenton on Sea ~ Tsitsikamma Gonubie 
Fig. 4.7 Haplotypes frequencies at each sample location for P. perna 
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Fig. 4.8 M. galloprovincialis: statistical parsimony cladogram of cytochrome oxidase I 
haplotypes (1-21). The size of each area reflects the relative abundance of the haplotype 
in the dataset, open circles indicate nucleotide substitutions between haplotypes and the 
ancestral haplotype indicated by a rectangle. Private haplotypes are denoted with an 
asterisk. 
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Fig. 4.9 Haplotypes frequencies at each sample location for M. gaUoprovincialis 
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Isolation by distance 
Variance of pairwise Fst-values was not explained by geographical distance in the P. 
perna eastern lineage (p=O.8; Table 4.1). A Mantel test indicated a significant 
relationship (p=O.OI22) between Fst and geographical distance among populations of the 
western lineage, indicating isolation by distance. However, when the two Namibian 
locations (Terrace Bay and Walvis Bay) were excluded, the relationship between Fst-
values and geographic distance was not significant (p=O.833). The Mantel test was non-
significant for the M galloprovincialis lineage (p=O.35). 
Species Grouping /' t P 
Perna perna Western -0.358 -2.252 0.0122 
Western excluding Terrace Bay and Walvis Bay 0.202 -0.966 0.833 
Eastern 0.192 0.850 0.80 
Total (Western + Eastern) 
-0. 141 -1.354 0.09 
Mylilus galloprovincialis Total -0.052 -0.374 0.35 
Table 4.1 Results of Mantel tests on matrices of genetic differentiation among 
populations (pairwise FST usmg p-distances) and geographic distance of the M 
galloprovincialis mtDNA lineage, and of P. perna Western lineage, Eastern Lineage and 
Western lineage excluding the two Namibian populations. Numbers shown are: r = 
Pearson product-moment correlation (shown instead of the Mantel Z statistic for 
simplicity of interpretation), I = approximate Mantel I-test statistic and p = probability 
that random Z < observed Z. 
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Discussion 
The population genetics of Perna perna in southern Africa have already been 
investigated using geographical variations in allozymes frequencies of four highly 
polymorphic enzymes: glucose-6-phosphate isomerase (Gpi), peptidase (Pep-I), 6-
phosphogluconate dehydrogenase (Pgd), and mannose-6-phosphate isomerase (Mpi) 
(Grant et al. 1992). The results showed that there was essentially no allozyme-frequency 
differentiation along a 1700Krn transect on the south coast from False Bay (Cape Town) 
to Cape Vidal (approximately 170Krn south of the Mozambique border) on the east coast. 
However, there were strong differences in allozyme frequencies for Gpi and Mpi at the 
western edge of the geographic distribution of P. perna on the south-west coast. In my 
study this region was not investigated because P. perna could not be found on the 
western shore of the Cape Peninsula. This seems to confirm the suggestion of Grant et al. 
(1992) that these popUlations are not self-sustaining, but originate by chance recruitment 
from more eastern subpopulations and thus can be subjected to dramatic changes in 
population structure. Grant et al. (1992) collected an additional sample at Swakopmund 
(Namibia), about 2000Krn north of the western boundary for P. perna on the south coast. 
Only a single significant allele-frequency difference (Pgd) between this sample and the 
South African samples was found and, together with the absence of alleles unique to the 
Namibian samples, indicated close genetic affinity to southern populations. In contrast, 
the Mantel test results reported here indicate that the gap of about 1000Krn in distribution 
of P. perna between Cape Agulhas and Walvis Bay on the west coast results in 
significant isolation by distance. Nevertheless, some haplotypes occurring in the South 
African populations are also present in the Namibian samples, suggesting a certain level 
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of gene flow between the two regions. It is unlikely that P. perna larvae are now able to 
connect Namibian and South African populations by dispersing through the cold waters 
of the Benguela Upwelling System. However, the Pleistocene or Quaternary oceanic 
warming (Shannon 1985; Thackeray and Herbert 1991) could have allowed colonization 
of this stretch of coast and dispersal through the present distribution gap. 
Mitochondrial DNA sequences for P. perna indicated a strong phylogeographic break on 
the east coast between East London and Gonubie that was not identified by Grant et al. 
(1992) using allozymes. Similar phylogeographic patterns have been found in two other 
species with planktonic larvae, the estuarine prawn Upogebia africana (Teske et al. in 
press) and the limpet Patella granularis (Ridgway et al. 1998). Upwelling events 
occurring on the south-east coast are believed to control the pelagic environment, limiting 
larval dispersal (Beckley and Hewiston 1994). However, it is important to note that 
stronger upwelling events like the one off Luderitz do not seem to limit larval dispersal of 
M galloprovincialis. A more plausible explanation, also suggested by Teske et al. (in 
press), is that the influence of the Agulhas Current acts as an oceanographic barrier to the 
dispersal of mussel larval. On the south-east coast, the current flows near to the shore due 
to the minimal width of the continental shelf, and its powerful flux could force back 
northward migrating larvae and, via the Agulhas Retroflection, carry larvae dispersing 
from northern regions into the open sea. 
As an alternative to explaning the observed phylogenetic switch between Kenton-on-Sea 
and Haga Haga by low gene flow, we can invoke differential selection. Many studies 
have investigated the limits of the marine biogeographic regions if South Africa using 
different organisms; the general agreement is that the boundary between the warm 
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temperate region and the sUbtropical region lies on the south-east coast (Harrison et al. 
2002). Environmental factors characterizing these areas may subject P. perna populations 
to different selective forces leading to genetic divergence. 
Grant and Cherry (1985) examined shells taken from middens and the shell collection at 
the Zoology Department of the University of Cape Town and concluded that the 
introduction of Mytilus galloprovincialis to southern Africa took place within the 
previous twenty years. The low haplotype diversity over the total geographic range of M 
galloprovincialis in South Africa confirms its recent arrival. After spreading along the 
south coast, it seems that M galloprovincialis has reached its biogeographic limit in the 
East London area (McQuaid and Philips 2000; Robinson et al. 2005). This suggests that, 
as with P. perna, the influence of the Agulhas Current or of the biogeographic boundaries 
may be responsible for limiting the expansion of the invasive species. M 
galloprovincialis is a strong invader world wide and it is well adapted to a wide range of 
environmental factors, including different temperatures (Branch and Steffani 2004). 
Invasions frequently constitute rapid evolutionary events (Reznick and Ghalambor 2001), 
resulting in populations that are genetically dynamic over both space and time. Invasive 
species are often assumed to penetrate habitat boundaries through their broad tolerance 
(eurytolerance) or phenotypic plasticity (Baker and Stebbins, 1965; Ricciardi and 
MacIsaac, 2000; Wolff, 2000; Reid and Orlova, 2002). However, certain populations 
cannot tolerate or acclimatize to the full range of environmental factors occupied by the 
species complex, but instead experience strong selection when invading new habitats 
(Lee 1999; Lee and Petersen 2003). Consequently, the environmental conditions 
prevailing in the different biogeographic regions of South Africa could exert strong 
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selection on the physiological tolerance and performance of M galloprovincialis during 
habitat invasion. Another possible explanation for the apparent drop in rate of spread near 
East London is that M galloprovincialis does not reach its physiological limits but that 
under east coast environmental conditions it is a weaker competitor in the interaction with 
P. perna. It is known that P. perna excludes M galloprovincialis from the low shore in 
the Kenton-on-Sea area (Rius and McQuaid in press), and it is possible that the lower 
performance of M. galloprovincialis, coupled with the higher performance of P. perna 
farther east excludes the invasive species not only from the lower shore but from the 
entire intertidal habitat, leaving P. perna as the sole mussel. 
The west coast of South Africa is influenced by the upwelling of cool, nutrient-rich 
water. P. perna is excluded from this region because of the cold water. Strong perennial 
upwelling off Liideritz effectively separates the Northern Benguela from the Southern 
Benguela. A northwesterly moving tongue of upwelled, turbulent water acts as a semi-
permanent environmental barrier to the longshore transport of pelagic fish eggs and 
larvae (O'Toole 1977; Agenbag 1980; Boyd and Cruickshank 1983; Agenbag and 
Shannon 1988). However, this oceanographic barrier did not prevent the expansion from 
Saldanha of M galloprovincialis that was rapidly able to colonise this stretch of coast as 
far as central Namibia (Branch and Steffani 2004). 
High levels of genetic divergence either within and/or among populations of marine taxa 
are not uncommon (e.g. Foltz et al. 1996; Etter et al. 1999; Quattro et al. 2001; TaIjuelo 
et al. 2001; Baker et al. 2003; Papakostas et al. 2005; Remerie et al. in press) and they 
have often been related to the presence of cryptic species. P. perna mtDNA sequence 
data indicated continuous coastal distribution with cryptic phylogeny, with a 2.9% 
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sequence divergence between the east and the western lineage. Should the two P. perna 
mtDNA lineages identified in this study be formally described as two species? Past work 
has provided conflicting perspectives on the likely efficacy of mtDNA markers in 
delineating species boundaries. Some studies, including extensive analyses of GenBank 
data, have indicated that even closely related species ordinarily show marked 
mitochondrial divergence (Avise and Walker 1999; Hebert et al. 2003). However, others 
suggest that mtDNA markers will often encounter problems in species resolution (Funk 
and Omland 2003; Lipscomb et al. 2003; Mallet and Willmott 2003). For example, a 
review of case studies (Will and Rubinoff 2004) concluded that nearly one-fourth of all 
animal species fail the test of mitochondrial monophyly. Future studies could be 
important in determining whether there are previously unnoticed phenotypic differences 
between the two P. perna mtDNA lineages. Breeding experiments would show if the two 
lineages are reproductively isolated. Transplant experiments, moving different haplotypes 
between regions would help us to understand whether adaptation to different 
environmental conditions is evident. In addition, mtDNA sequences of P. perna larvae 
sampled in the east warm-temperate and south subtropical biogeographic regions will be 
crucial to understanding if the Agulhas Current operates as an oceanographic barrier, 
physically limiting dispersal or if the genetic divergence results from the selective action 
of different environments. 
The invasion of M. galloprovincialis III South Africa has had major ecological 
consequences on the structure of intertidal communities, including the replacement of 
indigenous species and effects at higher trophic levels (see chapter one). At the same 
time, this invasive species is testing our ability to predict future dynamics and 
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consequences of invasion. Knowledge of the population structure of an indigenous 
species with a similar larval dispersal and of envirorunental factors determining it can be 
helpful in forecasting future development of this invasion. 
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CHAPTERS 
GENERAL DISCUSSION 
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Global change and degradation of biodiversity are currently two main concerns in both 
political and scientific debates. Human environmental exploitation has lead to multiple 
species extinctions and to dangerous alterations to biodiversity equilibria. Bioinvasions, 
that is the colonization by non-indigenous species of other areas of the planet, have been 
considered a manifestation of global change (Vitousek et al. 1996; Bright 1999), altering 
biodiversity (Robinson and Dickerson 1987; Soule 1990; Levine 2000), and being related 
to global environmental changes (Bianchi and Morri 1993; Duarte et al. 1999). In recent 
decades, the frequency of biological invasions has increased, stimulating much research 
on population biology and community ecology. Several studies relate individual species 
introductions to the development of markets and trade routes. For example, the 
probability of successful invasion by parrot species is positively cOlTelated with the 
development of the international trade in exotic birds (Cassey et al. 2004). Similarly 
Semmens et al. (2004) showed that there is a relationship between the occurrence of non-
native marine fishes and the volume of imports for the aquarium trade. There is also a 
relationship between the volume of all trade and general invasion risks, including a 
positive correlation between the relative abundances of invasive species in different 
countries and the volume and composition of imports (Dalmazzone 2000; Vila and 
Pujadas 2001). In recent years, many reviews have been published highlighting ongoing 
modifications of the marine environment in many regions of the world (Carlton 1989; 
Eno 1996; Carlton 1999b; Occhipinti-Ambrogi 2001). Research conducted in several 
parts of the world (Carlton 1985; Williams et al. 1988; Macdonald and Davidson 1997; 
Gollasch et al. 2000a,b; Olenin et al. 2000) has shown that unwanted organisms are 
present in ballast water and related sediments, as well as attached on ship' s hulls 
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(Gollasch 2002; Coutts et al. 2003). On average 12 billion tons of ballast water are 
transported every year throughout the world (IMO/MEPC 1998), carrying more than 
7000 species every day (Carlton 2001). Despite these extremely high numbers, relatively 
few cases of "successful" invasion have been reported (Hayes and Sliwa 2003). This is 
because invasion must include successful transition through a series of consecutive, 
obligatory steps, including uptake, transport, release, introduction and establishment. 
Even of those invaders that establish, only a small subset will proliferate and spread in 
the new environment (Williamson 1996; Kolar and Lodge 2001). 
In the southern hemisphere, several marine invasive species have been reported to be 
expanding rapidly, affecting rocky intertidal and shallow inshore water communities. For 
example the northern hemisphere barnacles Balanus amphitrite and B. glandula invaded 
the coast of Argentina in the 1960s-1970s, and since then have expanded by more than 
10° of latitude (Orensanz et al. 2002; Bastida et al. 1980). The kelp Undaria pinnatifida, 
native to Japan, Korea, and regions of China, is an aggressive invader not only in the 
boreal waters of the Mediterranean, Spain, United Kingdom, Belgium, Netherlands, but 
also in New Zealand, Tasmania and Argentina (Piriz and Casas 1994). The cWorophyte 
Codium fragile, originally from Japan, has invaded Europe, Australia, New Zealand, 
Canada, the United States and Chile where it is considered a pest (Castilla et al. 2005). 
The Mediterranean Mytilus galloprovincialis, one of "the 100 world's worst invasive 
alien species" (Lowe et al. 2000), and an aggressive invader in many parts of the world, is 
the most successful marine invader in South Africa (Robinson et al. 2005). 
Biological invasion generally involves two main steps: (1) the introduction and 
establishment of the species, generally over a restricted area and (2) the demographic 
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expansion of the population in the new environment (Vermeij 1996; Williamson 1996). 
M galloprovincialis was first recorded in South Africa in the late 1970s, 150 Km north of 
Cape Town, and it most probably arrived attached on ship's hulls (Grant et al. 1984; 
Grant and Cherry 1985). That South African M galloprovincialis is a new introduction 
rather than a relict population is clearly confirmed by the results of Chapter 4. For 
establishment and growth, a species must be able to increase in abundance at the invaded 
locality. This depends on the opportunities that the invaded community provides for the 
invader. Soon after its arrival in South Africa, M galloprovincialis expanded its domain, 
becoming the dominant intertidal mussel on the West coast and becoming well 
established on the South coast where it competes with the indigenous Perna perna 
(Griffiths et al. 1992). The interaction between P. perna and M gal/oprovincialis on the 
south coast offers interesting opportunities to investigate the dynamics of invasion in 
intertidal habitats. M galloprovincialis is a very aggressive invasive species that was able 
to generate drastic changes in the intertidal community on the South African west coast, 
occupying the entire fundamental niche of Aulacomya ater (Griffiths et a1.1992). 
Ecological niches are defined by the relationships between organisms and their physical 
and biological environment, taking into account both time and space. How a species 
responds to these factors, including their spatial and temporal variation, determines its 
ability to invade (Shea and Chesson 2002). On the south coast, P. perna and M 
galloprovincialis show partial habitat segregation; the upper and the lower areas of the 
mussel zone are dominated by M. galloprovincialis and P. perna respectively, while they 
co-occur in the mid-mussel zone (Robinson et al. 2005). Whether M. galloprovincialis 
will eliminate P. perna from the south coast as it did A. ater on the west coast depends on 
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whether the invasive speCles can occupy the entire fundamental niche of P. perna. 
Otherwise, the present co-existence, through partial habitat segregation will persist. 
Branch and Steffani (2004) suggest that the interactions between M galloprovincialis and 
P. perna should favour the invasive species, not only because of its higher growth rate 
and reproductive output, but also because P. perna is not a competitive dominant. Prior to 
the arrival of M galloprovincialis on the south coast, experimental removal or 
exploitation of P. perna was followed by domination by coralline algae or barnacles 
(Hockey and Bosman 1986; Lambert and Steinke 1986). Now there is evidence that M 
galloprovincialis is a better exploitation competitor, occupying freed space more 
effectively than P. perna (Erlandsson et al. in revision). There is, however, the possibility 
of interference competition, which, for mussels, is likely to be mediated through 
differences in mortality due to abiotic factors and growth rates. 
Three main factors that contribute to the spread of an invader are: resource availability 
(Sher and Hyatt 1999, Davis et al 2000, Jefferies 2000), natural enemies (Settle and 
Wilson 1990; Torchin et al 1996, Mack et al 2000) and the physical environment (Moyle 
and Light 1996), all of which vary in time and space. Some studies have highlighted the 
importance of the physical environment as a constraint on invasion (Moyle and Light 
1996, Sutherst et al. 1999). As both residents and invaders respond to environmental 
harshness, it is the difference in their responses that determines whether invasion is 
promoted or inhibited by harshness (Chesson and Huntly 1997). In chapters 2 and 3, I 
analyzed two of the major environmental stresses acting on rocky intertidal communities 
worldwide: siltation and waves. Sand has been shown to have strong effects on 
community structure, through both direct physiological effects and by influencing 
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interactions among competitors for space (Taylor and Littler 1982). While some hard 
substratum species are eliminated by the effects of sand, others, such as the pulmonate 
limpet Siphonaria, have physiological adaptations that allow them to tolerate both 
suspended sand and burial (Marshall and Mcquaid 1989), while still others appear to 
depend on the presence of sand and are rarely or never found in areas totally unaffected 
by sand. In South Africa for example this is true for Choromytilus meridionalis and the 
large chiton Dinoplax gigas (Dower 1989). It is difficult to imagine a directly beneficial 
effect of sand, and the advantages are presumably largely through the exclusion of 
competitors, as for the anemone Anthopleura elegantissima in California (Taylor and 
Littler 1982). Thus sand has a counter-intuitive effect on species richness by increasing 
habitat diversity. While psammophobic species are eliminated from parts of the shore, 
sand tolerant and psamrnophilic species are provided with habitats resulting in an 
increase in species diversity when the entire shore is considered (Mcquaid and Dower 
1990). While it is clear from field observations that sand powerfully affects the low shore 
in South Africa through stochastic mass mortalities of mussels, we cannot invoke sand as 
a mechanism for habitat segregation between P. perna and M. galloprovincialis. 
Although sand stress has dramatic effects on both species, it does not explain the habitat 
portioning between the invasive and the indigenous species. P. perna is morphologically 
and physically less well adapted to sand-induced stress than M galloprovincialis and can 
nevertheless dominate the lower mussel zone which is more exposed to the periodic 
effects of suspended sand and sand burial. 
Wave stress is one of the main factors responsible for preventing the invasive species 
from colonising part of the niche of P. perna. Steffani and Branch (2003c) showed that, 
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on the south coast, growth rates and condition values of M. galloprovincialis decrease on 
extremely exposed shores. These observations together with my results predict that the 
invasive potential of M. ga/loprovincialis will be higher at sheltered or moderately 
exposed sites. Surprisingly, on the west coast, M galloprovincialis extends its domain to 
the low mussel zone. This implies greater tenacity of M galloprovincialis in the cold 
waters of the west coast. It is important to note that the interaction of environmental 
factors with resources offered by the environment and natural enemies can play a 
potentially important role (Tilman 1982; Chesson and Huntly 1997). Concentrations of 
phytoplankton on the upwelling dominated west coast are generally much higher than on 
the south coast (Shannon 1985; Brown 1992; Bustamante et al. 1995) and could be an 
important resource, providing the invasive species with enough energy to increase 
attachment strength and to withstand the high hydrodynamic stress that characterises the 
lower shore. On the south coast, field manipulative experiments have shown that M 
galloprovincialis is excluded from the lower shore not only by wave action, but also by 
being outcompeted by P. perna (Rius and Mcquaid in press). There is no such evidence 
for the interaction between M. galloprovincialis and A. ater on the west coast, but clearly 
M. galloprovincialis was competively dominant. This contrast could be related to the 
abilities of P. perna as a competitor, or to decreased performance of M. galloprovincialis 
in the wanner, more oligotrophic waters of the south coast. In addition, the low 
biodiversity which characterises the west coast is generally regarded as a feature allowing 
more ready success for invasive species (Bustamante and Branch 1996; Mack et al. 
2000). 
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Once established, the demographic expansIOn of an invasive population in the new 
environment is a key factor in determining the magnitude of the invasion. Both M 
galloprovincialis and P. perna possess pelagic larvae that are presumably highly 
dispersive and have the potential to connect adult populations and to increase the 
geographic range of the species. There are both advantages and disadvantages to 
dispersing from one site to another. Advantages include inbreeding avoidance, the 
possibility of colonizing a new site with more resources, and a potential escape from 
unfavorable conditions such as limited resources, predators, pathogens and parasites. 
Disadvantages include an inability to locate a suitable new site, predation during 
dispersal, failure to locate a mate and outbreeding depression (Stenseth and Lidicker 
1992). Because of the weak swimming abilities of planktonic larvae, larval dispersal 
depends mainly on local hydrodynamic features (Scheltema 1986, Shanks 1995). 
However, a recent study has shown that larval behavior and vertical distribution can play 
an important role in the dispersal of certain bivalve species. Unexpectedly, some species 
of bivalve larvae did not behave as passive particles and were not swept offshore by 
upwelling or onshore by downwelling (Shanks and Brink 2005). This effect is attributed 
to differences in vertical migration between species. 
Two major current systems sweep the South African coast: the warm Agulhas flowing 
down the east coast, and the cold Benguela up the west coast (Branch and Branch 1981). 
On the east coast, cooler pockets of water close inshore flow parallel to the coast but in a 
direction opposite to the Agulhas Current, i.e. to the north-east. On the south-east coast 
the shelf width is minimal, so that these counter currents are squeezed close to the shore 
and are often overpowered by the Agulhas (Lutjeharms 2004). On the south coast, where 
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the continental shelf is wider, the Agulhas Current still influences an extensive area of the 
shelf (Schumann 1987; Goschen and Schumann 1988; Lutjeharrns 2004), though wind 
becomes the main forcing function (Schumann 1981; McQuaid and Phillips 2000). All of 
these currents strongly influence the life of animals and plants living along the South 
African coastline. 
Three main biogeographic regions are recognized around the southern African coast: a 
Cool Temperate West Coast Province, a Warm-Temperate South Coast Province and a 
Subtropical East Coast Province (Stephenson and Stephenson 1972; Day 1981; Potter et 
al 1990; Prochazka 1994; Turpie et al. 2000). Based on an analysis of rocky shore 
invertebrates, Emanuel et al. (1992) divided the South African coast in to three 
zoogeographic regions: a cool-temperate Namaqua Province from Liideritz (Namibia) to 
Cape Point; a warm-temperate Agulhas Province from Cape Point eastward to East 
London; and a subtropical Natal Province from East London north to Mozambique (Fig. 
4.1b). 
The major findings of Chapter 4 were that M galloprovincialis shows genetic structure 
typical of a recently introduced species, with far less genetic variability than P. perna and 
that there is a strong shift in population genetics in the population structure of P. perna 
between Kenton-on-sea and Haga Haga. Both currents and environmental factors 
associated with biogeographic regions can act as barriers to larval dispersal, limiting gene 
flow and leading to genetic divergence. Previous studies attributed changes in species 
composition in this region to temperature changes (Stephenson and Stephenson 1972, 
Wallace and Van der Elst 1975; Whitfield 1994, Maree et al. 2000). Changes in the 
selective environmental regime are often related to species genetic divergence and 
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speciation (Koehn et al. 1980; Powers 1987; Palumbi 1994). Differences in temperature 
between the warm-temperate Agulhas Province and the SUbtropical Natal Province could 
have selected differently adapted genotypes. It also possible that the southward flowing 
Agulhas Current physically limits the northward dispersal of larvae. Towards the 
southwest, the Agulhas Current is deflected away from the African continent by the 
Agulhas Bank and undergoes a massive retroflection, moving hundreds of miles away 
from the mainland. Consequently, off southern Natal, where the influence of the Agulhas 
Current on the coast is most pronounced, dispersing larvae might be caught in the flux of 
the Agulhas Current and transported far away from the coast. The Agulhas Current can 
reach a speed of 2m.s·1 and "There is no hope for the larvae of intertidal species which are 
caught up in this system"(McQuaid and Phillips 2000). 
Data on the population genetic structure of P. perna, together with information about the 
history of the invasion of M galloprovincialis and oceanographic patterns of the region 
help us to predict how the invasion will develop. After the introduction of M 
galloprovincialis to Port Elizabeth, it soon expanded its geographic domain. The yearly 
average increase in distributional range was 42Km to the east (McQuaid and Phillips). At 
the present its expansion seems to have stopped or at least drastically decreased 
(Robinson et al. 2005). This seems to suggest that the biogeographic boundaries 
responsible for the phylogeographic break of P. perna also influence the dispersal of M 
galloprovincialis larvae, although it may be that M galloprovincialis simply reaches its 
physiological limits in terms of sea temperature near East London. The defmition of the 
population genetic structure of an indigenous species can be important in determining the 
131 
presence of environmental barriers that could prevent or limit the demographic expansion 
of an invasive species with similar potential dispersal. 
Once a species has become established and has spread from the point of introduction it is 
virtually impossible to stop the invasion (Mack et al. 2000). Invasions should not be 
treated uniquely on a case-by-case basis, but rather integrated into large scale ecology 
and evolutionary biology. My results, integrated with previous studies, show the potential 
importance of knowing the abilities of an invader when coping with local communities 
and environment. They also show that knowledge about co-existing indigenous species 
with similar behaviour may be exploited to predict invader performance in the new 
habitat. To turn invasion biology into a predictive science might be illusory. It is very 
difficult to predict unequivocally the effects of a new species and to separate benign 
introductions from those that cause vast changes to the system they invade. However, 
predictions (and consequent applications) about possible future invasions and about 
developments of ongoing invasions can be attempted only through a detailed 
investigation of the potential of the invader and of the target communities. 
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